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The  b.'ok  examines  systematically  processes  of  cavitation  damage  to 
diesel  angina  parts,  methods  of  controlling  this  damage,  and  techniques 


'ot  calculation  and  accelerated  testing  of  parts  for  cavitation  resistance. 
The  rniikf  factors  leading  to  cavitation  erosion  in  dlessl  engines  are 
ancly&ed;  the  effect  on  the  damage  rate  of  .water  temperature,  design 
and  operating  factors,  and  the  Ilka  on  the  damage  rate  is  described. 

The  theoretical  fundamentals  of  cavitation  in  the  presence  of 
vibrational  fields  are  presented.  Methods  of  calculating  vibrational 

e 

characteristics  of  systems  are  set  forth;  estimates  are  given  of  the 
possible  -jiplitudes  and  critical  accelerations  of  vibrations  of  surfaces 
swept  by  water. 

The  book  le  intended  for  engineering- technical  personnel  concerned 
with  diesel  engine  designing  and  construction.  It  can  also  provs  ussful 

to  students  at  higher  educational  centers  in  the  appropriate  specialties. 
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FOREWORD 

Directives  under  the  Five-Year  Plan  ljor  tho  development  of  the 
national  economy  adopted  at  the  Twenty-thjrd  Congress  of  the  CPSU 
provide  for  increasing  the  capacity,  operating  economy,  reliability, 
end  longevity  of  machines,  instruments,  apd  equipment,  and  increasing 
the  potential  of  motors  by  one  and  one-herlt  to  three-  rimes. 

Advances  In  modern  diesel  engine-building  are  related  to  the  steady 
growth  in  the  level  of  upratlng  engines  by  incresalng  the  degree  of 
supercharging  and  the  engine  rpm. 

Increases  in  high  speeds  and  the  mean  effective  pressure,  along 
with  the  trend  toward  reduction  in  weight  and  overall  dimensions,  lead 
to  cavitation  damage  in  diesel  engine  parts.  Cavitation  damage  is 
encountered  not  only  at  surfaces  of  cylinder  liners  and  the  block  swept 
by  coolant  fluid,  but  also  at  the  surfaces  of  the  main  and  connecting 
rod  bearings,  -ad  at  the  parts  of  the  fuel  feed  system  and  water  pumps. 
Cavitation  damage  can  be  detected  at  the  surfaces  of  parte  operating  In 
various  conditions,  and  also  In  liquids  with  differsnt  properties.  There¬ 
fore  eliminating  cavitation  damage  in  diesels  is  a  most  Important  and 
urgent  problem. 


6 


~-&*r 


-- 


Various  points  of  view  have  bsan  expressed  in  tha  technical 
literature  concerning  the  causes  leading  to  the  intonslve  failure  of 
cylinder  liners.  Some  investigators  stats  that  this  is  the  result  of 
electrochemical  corrosion,  while  others  attribute  the  failure  to 
cavitation  arosion.  The  coaplexlt f  of  the  physicochemical  processes 
leading  to  cavitation  fallura  of  cylindar  liners  hampers  the  direct 
study  of  individual  stages  of  these  process**. 

Numerous  experimental  studies  nave  dealt  with  ths  pro r> lams  of 
cavitation  and  tha  damage  it  causes  in  machine  building  and  shipbuilding. 
Howtvar,  the  problem  of  cavitation  damaga  In  dlesela  has  not  baan 
sufficiently  discussed  in  thsaa  works. 

The  present  study  examines  problems  involved  in  finding  the 
causes  responsible  for  cavitation  and  cavitation  damage  to  tha  surfaces 
of  the  parts  of  diesel  engines  swept  by  water,  a*  well  a*  methods  of 
Investigating  materials  used  in  diesel  engine!  and  diesel  angina  parts 
for  their  cavitation  resistance.  A  relationship  is  shown  between  diesel 
engine  characteristic*  and  cavitation  damage.’  A  method  Is  outlined  for 
calculating  diesel  engine  cylinder  liners  with  respect  to  cavitation 
resistance  and  measures  to  aupprsss  cavitation  damage  to  diesel  engine 
parts  which  thus  far  have  not  been  generalized. 

The  materiel  for  the  book  was  provided  by  experimental  studies 
conducted  by  the  authors  at  different  times  in  Central  Scientific  Research 
Diesel  Engine  Institute. 

We  request  that  all  comments  end  suggestions  concerning  this  book 
be  sent  to  the  publisher. 


7 


I 


CHAPTER  ONE 

CAVITATION  DAMAGE  TO  DIESEL  ENGINE  PARTS 
I*  Cavitation  Damage  to  Water-Swept  Surface*  of  Cylinder  Liners  and 

MicVa  of  DiaaoJ  Enelma 

"4# 

Diesel  engines  with  high  specific  weight  and  built  with  thick-vailed 
cylinder  liners  and  blocks  did  not  suffer  intensive  damage  to  water- 
svept  surfaces  of  these  parts.  Later,  as  lighter-designed  diesels  were 
built  and  as  they  were  uprated  in  their  mean  effective  pressure  and 
rpa,  damage  to  cylinder  liner  walls  and  cylinder  blocks  began  to  be 
encountered  in  many  engine  models.  This  damage  also  shows  up  in  the 
formation  of  local  accumulations  of  dssp  pits,  in  most  cases  with  a 
clean  surface,  without  the  presence  of  deposits  of  corrosion  products. 
They  develop  independently  of  the  general  corrosion  pitting  of  the 
cylinder  liner  walls  and  blocks  which  is  observed  in  enginec  that  are 
cooled  with  seawater. 

Iu  most  cases,  before  clusters  of  pits  sppeer  on  a  cylinder  liner 
well,  the  wall  is  costed  with  en  oxide  film  at  the  sit*  of  future  damage. 
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With  further  operation  of  the  engine,  pit*  begin  to  appear,  vary 
rapidly  enlarging,  and  in  eeveral  caeca  continuous  flaw#  are  formed 
in  the  cylinder  liner  walla. 

The  firat  cluster*  of  pits  appear  in  the  rocking  plane  of  the 
connecting  rod  on  the  side  in  the  direction  of  which  the  piston  side 
pressure  is  applied  in  the  power  stroke.  If  one  faces  an  engine  so  that 
the  crankshaft  rotates  clockwise,  the  first  local  clusters  of  pita  will 
appear  on  the  left  side  of  the  cylinder  (on  the  water  jacket  side).  With 
further  operation  of  the  engine,  the  ares  of  the  damaged  section  enlarges, 
and  sometimes  even  new  zones  of  pit  clusters  appear. 

Th*  first  Investigators  studying  the  causes  for  this  aspect 
(1935-1939)  concluded  that  it  was  electrochemical  in  nature.  They 
suggested  that  the  effect  is  caused  by  uneven  cooling,  stagnant  zones 
in  the  cooling  system,  metal  contamination,  the  presence  of  dissimilar 
metals  in  the  cooling  system,  and  other  similar  factors.  Therefore, 
they  recommended  controlling  the  pitting  of  liners  by  installing  zinc 
protectors  and  by  modifying  the  water  flow  direction  in  the  cooling 
systems.  The  ineffectiveness  of  these  measures  compelled  designers 
and  cssearchers  to  study  more  closely  the  causes  end  conditions  leading 
to  pit  clusters  appearing  on  cylinder  liners  and  blocks  m  diesel  engines. 

In  1948-1952  it  became  poaeible  to  establish  \l7,  22^  that  the 
causa  must  be  sought  for  in  cavitation  processes  brought  about  in  diasel 
engines  by  high-frequency  vibrations  of  the  vails  of  cylinder  liners. 

When  the  walls  of  cylinder  liners  and  blocks  In  diesel  engines  ara 
damaged  by  cavitation,  failure  and  electrochemical  erosion  ars  observed 


The  mutual  tole  of  these  radically  distinct  processes  depends  on 
numerous  factors  and  has  not  yet  be«m  adequately  studied. 

In  several  cases  (damage  to  dielectrics,  cavitation  in  chemically 
neutral  liquids),  cavitation  erosion  is  manifested  as  mechanical  damage 
without  the  presence  of  electrochemical  processes.  The  progression  of 
the  damage  is  associated  with  surface  fatigue  of  the  motel.  This  te 
baaed  on  the  fact  that  in  the  Initial  period  the  surface  undergoes 
work  hardening  and  only  thereupon  do  pits  appear  £l0].  In  contrast  to 
thia  point  of  view,  other  authors  noted  that  fatigue  phenomena  do  not  play 
an  aopreclable  role  in  the  progression  of  cavitation  damage.  In  their 
view,  the  chipping  of  material  is  caused  by  each  of  the  individual 
conditions  developing  in  the  collapce  of  cavitation  bubbles  {cavities] 
[30]. 

Some  theories  state  that  the  initiation  of  high 

temperatures  in  the  latter  stages  of  the  compression  of  cavitation 
bubbles  promotes  the  spread  of  damage. 

At  the  present  time  it  now  has  been  reliably  ascertained  th<  t 
damage  to  cylinder  liner  walla  and  cylinder  blocks  is  caused  by  cavi¬ 
tation  processes  initiated  ip,  the  cooling  system  of  the  engine  by  the 
action  of  high-frequency  vibrations  of  cylinder  liners  excited  by  piston 
blows  resulting  from  piston  slap  from  one  cylinder  wall  to  the  ocher 
on  passing  through  the  top  dead  center  [l?]  . 

The  presence  of  a  heat  gap  between  the  pistc.i  and  the  cylinder  liner 
leal*  to  the  piston  striking  the  liner  well  end  causing  it  to  undergo 
high-frequency  vibrations  in  slap  (change  In  direction  of  application 
of  piston  side  pressure  against  the  cylinder  wall).  When  the  liner  wells 
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*r*  In  vibration,  alternating  elongation!  and  compressions  occur  In 
the  water  Jacket,  leading  to  the  formation  and  implosion  of  cavitation 
bubbles,  which  then  causes  cavitation  erosion. 

Depending  on  the  model  of  the  engine,  the  design  of  the  cylinder 
liner,  the  ratio  of  the  cylinder  wall  thickness  to  the  cylinder  diameter, 
the  gap  between  the  piston  and  the  liner,  and  several  other  factors,  the 
number  and  arrangement  of  the  cones  of  pit  clusters  can  vary.  However, 
all  cases  have  the  common  factor  that  the  first  clusters  of  pita  appear 
in  the  rocking  plane  of  the  connecting  rod.  Thln*walled  cylinder  liners 
vibrate,  forming  several  antinodes  in  the  cross  section,  and  In  each  of 
these  a  damage  sons  appears.  Significant  damage  is  also  encountered  at 
the  sealing  and  support  shoulders  and  in  the  blocks.  Here  the  damage  is 
accompanied  by  the  formation  not  only  of  damp,  pits*  but  aJ.so  of  longitudinal 
depressions. 

Thus,  cavitation  damage  of  two  types  appears  et  cylinder  l  liters  and 
blocks : 

1)  clusters  of  deep  pita  with  clean  surfaces  In  the  rocking  plane 

of  connecting  rode  (when  there  Is  cavitation  erosion  caused  by  vibrations 
in  the  acoustic  and  ultrasonic  ranges); 

2)  clusters  of  pits  at  ths  locations  of  watsr  outflow  and  Inflow 
(when  there  Is  corrosion  damage  caused  by  the  combined  action  of  hydro- 
dynamic  and  vibrational  cavitation);  and 

3)  pitting  cf  support  and  sealing  shruldcrs  (the  result  of  ths 
intensifying  of  cavitation  processes  in  narrow  water  jackets  with  the 
probable  participation  of  crevice  corrosion) „ 
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Typical  of.  cavitation  damage  in  cylinder  b lor. lea  is  the  fact  that 
prevention  of  liner  damage  by  applying  a  solid  coating  (chroee  plating 
or  nitriding)  leads  to  intensified  damage  of  block*  at  locationa  that, 
are  oppoaite  the  zones  of  cylinder  liners  vuer*  their  pitting  had  been 
earlier  detected  (before  the  coating). 

The  vibration  of  liners  causes  alternating  elongation  and  compression 
of  the  vater  in  the  cooling  jacket.  This  leads  to  the  formation  and 
closure  of  cavitation  bubbles  (cavities). 

Plgure  1  shows  Che  cylinder  liners  of  a  diesel  engine  after  542 
hour*  of  operation.  Clusters  of  deep  pits  are  clearly  discer noble  on 
their  surfaces  in  the  rocking  planes  of  the  connecting  rods. 


Figure  2  4UUMA  tun  iojaagta  lii  thn  iuiw'  «j£"  tl»5r 


Am  the  result  of  pits  forming  at  the  upper  seating  shoulder*  of  liners, 
cracks  appear  often  In  the  liners  beneath  ti\e  sealing  shoulder,  which 
completely  impairs  the  llnevs. 

An  example  of  dasan^e  to  a  liner  that  had  been  in  service  for  a 
total  of  106  hours,  in  t.Le  voter  inflow  location,  la  ehwan  in  Jig  ira  3. 
The  arrov  rolnts  '•o  the  location  of  water  inflow.  Thi*  kind  of  cylinder 
liner  damage  differ*  appreciably  from  general  Liner  pitting  caused  by 
eroafon  when  cooled  by  oeawater.  Tito  eoiroaion.  process  accompanies 
uavece  electrochemical  pitting  of  tht  antire  liner  surface,  on  which 
a  jH'.tim.  of  corroaion  products  and  traces  of  graphite  frasi  the  liner 
material  (cast  iron)  ramalnv.  llowevar,  even  here  liner  vibration  leads 

•v 

to  simultaneous  cavitation  daiioge,  which  aggravates  the  general  damage 
to  the  external  liner  euri'seus. 


'HfflWWWWniimf  (y.-ir-.-TTrl  wl».mTifoOT^.in.Bni) miBmn) ; i 


V4 r nr*  i  •  Cylir/s:  '.Irisru  sf  tSis 
ICh  S.2/11  D1«*b1  Engine  After  5*i 
Hour*  of  Operation. 


Ilgui'n  2:  IJfWM.go  to  Cy  <.ind*r  1/lnert 
of  BCh  17.5/24  lA’.ewwl  Engine  in  the 
Are*  of  the  Upper  Beating  Shoulder 
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Figure  4  shows  the  cylinder  liner  of  a  marine  diesel  engine  after 
2300  hours  of  operation.  Traces  of  cavitation  damage  over  large  areas 
can  be  noted  on  Its  surfaces,  along  with  traces  of  corrosion  and  salt 
deposits. 


Figure  3:  Liner  Damage  in  tho  Arsa 
of  Cooling  Water  inflow 


Figure  3  shows  the  Initial  stage  of  Carnage  to  a  diesel  engine  block* 
Qlocke  made  o£  cast  iron  undergo  damage  most  Intensively.  Aluminum 
blocks  pr>v8  to  be  more  resistant  tc  cavitation  erosion  than  cast  iron 
blocks . 


Damage  to  the  walls  of  cylinder  iiuars  and  diesel  engine  blocks 
caused  by  cavitation  erosion  significantly  reduces  the  service  life  and 


a  reliability  of  diesel  engines,  since  eu-,h  dmtage  causes  cracks  and 

‘•'if* 


‘  •;  • 


j 

> 

I 


1 

\ 

) 

i 

i 


\ 


id 


sometime a  continuous  flaw*  to  appear .  This  loads  to  water  entering 
the  oil  and  the  dleael  online  malfunctioning. 


Figure  4:  Damage  to  Cylinder  Liner  of 
a  Karine  Low-Speed  Diesel  Engine 


Figure  5:  Damage  to  Cylinder  Slock  of 
Dleaal  Engine 
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2.  Cavitation  Damage  to  Bearing  Sheila  and  Fuel  Feed  Equipment  Parts 

Increasingly,  damage  to  the  surfaces  of  crankshaft  bearings  1S  show¬ 
ing  up  in’  uprated  diesel  engine*;  thla  damage  is  caused  by  cavitation 
processes  in  the  oil  layer.  Usually  these  consist  of  point  chipping  of 
the  bearing  material  (most  often  lead  bronze)  situated  in  the  zone  of 
maximum  pressures  in  its  oil  layer.  By  Its  nature,  this  chipping  differs 
appreciably  from  the  damage  in  bearings  caused  by  other  factors ,  for 
example  corrosion,  fatigue,  and  wear. 

The  location  of  the  damage  in  the  a one  of  maximum  pressures  in  the 
oil  wedge  shows  that  cavitation  phenomena  caused  by  the  abrupt  rise  in 
pressure  in  the  oil  layer  of  the  bearing  after  the  cavitation  cavity 
leaves  the  minimum  pressure  zone  represents  the  cause  of  this  damage . 

Most  often  this  damage  begins  at  a  slip  rate  of  9-10  c/sec  and  a  specific 
pressure,  P  =  200-250  kg/cm^.  However,  whereas  cavitation  damage 

depends  on  the  design  of  the  bearing  shell  and  the  material,  fox  a  given 
combination  of  all  factors  influent Ing  cavitation,  the  demago  can  begin 
even  for  other  combinations  of  velocities  add  pressures . 

Cavitation  damage  to  fuel  system  parts  is  relatively  Infrequent 
and  is  generally  observed  et  the  plungers  of  fuel  pumps  and  nozzle 
need lee. 

Damage  consists  of  pita  end  gouging  of  metal.  The  cause  of  this 
damage  must  be  regarded  a*  cavitation  phenomena  caused  by  abrupt  fluc¬ 
tuations  in  pressure  in  the  fuel.  It  must  be  noted  that  this  damage 
quite  rapidly  causes  the  fuel  equipment  to  malfunction  and  methods  of 
controlling  it  srs  thus  far  Inadequate. 

•  •  -r.r- 
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This  kind  of  damage  i»  observed  in  fuel  lines  and  refrigerator 
coils.  In  thfs  case  the  cause  evidently  lies  in  the  pressure  changes 
In  the  liquid  flow. 

Quite  often,  the  impellers  of  centrifugal  water  pumps  of  diesel 
engines  and  cooling  unit  covers  undergo  cavitation  damage.  The  main 
reason  for  the  damage  is  the  improper  designing  of  the  part,  causing 
separations  in  the  liquid  flow  and  the  formation  of  zones  with  reduced 
pressure • 


CHAPTER  TWO 

THEORETICAL  ESSENTIALS  0?  CAVITATION  AND  CAVITATION  DAMAGE 
IN  DIESEL  ENGINES 


3,  Cavitation  and  Essentials  of  Physicochemical  Processes  Occurring 
During  Cavitation 

*v 

This  book  examines  the  theory  of  cavitation  erosion  as  applied 
to  damage  in  liners  of  working  cylinders  in  diesel  engines. 

Cavitation  tu  a  liquid  medium  refers  to  the  hydromechanlcel  process 
of  the  formation  of  voids  in  the  continuity  of  e  liquid  at  the  flow 
locations  where  the  pressure  drops  to  the  saturated  vapor  pressure  of 
this  liquid  -'t  e  given  temperature ,  or  else  to  e  certain  critical 
pressure  at  which  gases  or  air  dissolved  in  the  liquid  begin  to  be 
evolved  In  the  form  of  bubbles  (cavities). 

The  formation  of  continuity  velds  (cavitation  cavities),  just  as 
their  annihilation,  depends  to  e  significant  extent  on  various  factors, 
the  fundamental  of  which  are  those  that  Iced  to  local,  alternating 
Increases  end  decreases  in  pressure  in  the  liquid. 
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In  diesel  engines,  variable  pressure  in  a  liquid  is  caused 
principally  by* vibrations  In  surfaces  surrounding  the  liquid,  and  In 
s  number  of  cases  -*  as  the  result  of  abrupt  changes  la  flow  velocity 
and  direction. 

Damage  in  surfaces  surrounded  by  s  liquid  occurs  In  zones  where 
cavitation  bubbles  collapse  (are  annihilated)  under  the  effect  of  Increased 
pressure.  When  this  takes  place,  local  pressure  peaka  develop,  and 
surface  damage  occurs  upon  exposure  to  these  pressure  peeks. 

Many  studies  [l#  12.  3Ql  have  dealt  with  problems  of  the  theory 
of  cavitation  cavities  as  well  as  changes  occurring  in  the  physicochemical 
structure  of  a  material  subjected  to  cavitation  failure.  The  aim  of  these 
studies  was  to  establish  a  relationship  between  hydrodynamic  characteristics 
of  a  flow  and  parameters  describing  the  failure  process. 

In  view  of  the  complexity  of  physicochemical  processes  occurring 
during  cavitation  and  cavitation  erosion,  it  had  not  yet  been  possible 
to  fuxly  clarify  the  physical  nature  of  the  successive  progression  of 
these  phenomena.  Thus  far  there  are  various  points  of  view  as  to  the 
physical  nature  of  cavitation  damage. 

Host  Investigators  agree  that  the  primary  cause  of  failure  le  the 
impactlve  action  of  liquid  against  the  surface  of  a  metal  occurring  In 
the  collapse  of  cavitation  cavities.  Views  of  workers  differ  widely  on 
the  role  of  electrical  factors  in  cavitation  dasiagc,  and  also  on  problems 
associated  with  the  kind  of  progression  of  successive  scagss  of  cavitation 
damage  In  the  surfaces  under  attack. 

Opinions  differ  concerning  the  causes  leading  to  electrochemical 
processes  during  cavitation*  For  example,  It  Is  suggested  that  owing 
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to  high  temperature*  in  the  implosion  of  cavitation  cavities,  thermo¬ 
electric  effects  are  observed.  The  electric  currents  Induced  In  a 
material  are  explained  a*  due  to  the  action  of  highly  localised  com¬ 
pressive  stresses  caused  by  the  small  area  which  the  dynamic  forces  * 
act  against  at  the  instant  of  cavity  collapse.  The  hypothesis  of  the 
strong  effect  of  purely  oxidative  processes  on  the  trend  of  cavitation 
damage  has  many  adherents.  There  sre  experimental  data  confirming  this 
hypothesis,  but  directly  contradictory  facts,  as  well.  Cavitation 

erosion  develops  in  chemically  neutral  media  and  also  on  specimens  made 
of  glass,  gold,  and  various  plastics,  that  is,  nonoxidlzable  materials. 

In  view  of  the  extraordinary  complexity  of  the  phenomena  in  cavi¬ 
tation  damage  that  are  caused,  on  the  one  hand,  by  the  rapidity  of  the 
processes  of  the  last  stages  of  failure,  and  on  the  other  —  by  the 
diversity  of  processes  developing  in  different  materials  subjected  to 
multiple  exposure  to  s  field  of  collapsing  bubbles,  cavitation  erosion 
has  not  yet  been  fully  studied.  Moreover,  there  is  not  even  a  hydro¬ 
dynamic  theory  of  cavitation  erosion  that  vopld  permit  estimating  the 
order  of  magnitude  of  the  developing  conditions  and  the  effect  on  them 
of  such  parameters  of  the  medium  as  velocity,  pressure,  and  so  on. 

During  cavitation  damage,  depending  on  the  intensity  of  the  cavitation 
process  (including  the  formation  and  collapse  of  cavitation  cavities), 
the  medium,  the  material  of  the  internal  cooling  surfaces,  and  other 
factors,  electrochemical  processes  can  participate  to  a  greater  or  lesser 
extent.  However,  we  can  state  that  local  pressure  peaks  at  microsurfaces 
are  Induced  in  cavitation  erosion. 
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The  main  cause  of  cavitation  sml  cavitation  damage  in  distal- 
cooling  areas  *  1*  the  variable  pressure  In  the  medium  caused  by  vlbr  >tlons 
of  cylinder  liners. 

Variable  acoustic,  and  at  times  ultrasonic  pressure  in  a  liquid 
can  cause,  at  a  certain  intensity,  the  formation  and  implosion  of 
cavitation  cavities,  accompanied  by  hydraulic  impacts,  Increased  tem¬ 
perature  in  the  zone  of  Imploding  cavities,  and  so  on.  We  refer  to  all 
of  this  aa  the  primary  effect  of  cavitation,  manifested  directly  in  the 
coolant  liquid.  The  action  of  these  primary  cavitation  effects  on 
enclosing  surfaces  causes  their  material  to  undergo  stress  peaks,  heating, 
electrochemical  processes,  and  so  on,  thst  lead  tc  failure  of  the  vibra¬ 
ting  and  fixed  walls.  We  call  these  processes  secondary  effect#. 

In  our  further  examination  of  primary  and  secondary  cavitation 
offsets  caused  by  alternating  acoustic  pressure  in  a  liquid,  we  made  uae 
of  data  obtained  by  the  authors  in  studies  conducted  on  cavitation  damage 
in  material  specimens  in  MSV [magneti strictive  vibratorsj  in  diesel  engines, 
as  well  as  the  data  of  Spangler  [[46]  . 

The  Interrelationship  of  phenomena  occurring  during  cavitation  is 
shown  in  Figure  6.  Here  all  the  primary  effects  that  can  be  a  cause  of 
cavitation  damage  in  cooled  diesel  engine  surfaces  ara  noted  with  thin 
hatching.  The  influence  of  other  primary  effects  on  surface  damage  has 
thus  far  not  bean  studied. 

Figure  6  ehowa  that  the  phsnosienon  of  cavitation  damage  to  surfaces 
cannot  be  classified  aa  due  to  only  one  of  many  factors.  Evidently,  in 
any  case  the  causa  of  cavitation  damage  is  not  only  tbs  high  pressures  in¬ 
duced  in  the  implosion  of  cavities  and  the  increased  temperatures,  but 
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alto  the  electrochemical  and  diffusion  processes  occurring  at  the 
liquid-vibrating  surface  interface. 

The  nature  of  the  primary  effect  la  extremely  diverse.  Let  us 
first  consider  those  that  directly  cause  secondary  effects  leading  to 
the  failure  of  diesel  engine  cooling  surfaces. 

A  rise  In  pressure  in  mlcrovolumea  of  a  medium  is  associated  with 
the  collapse  of  vapor  and  gaa-vapor  cavities  Induced  during  the  elongation 
phase.  We  know  that  the  pressures  developing  during  the  collapse  of 
cavities  many  times  exceed  pressures  rsqulred  to  form  the  cavities  and 
again  attain  thousands  and  tens  of  thousands  of  atmospheres.  The  pressure 
rise  In  the  mlcrovolumes  of  the  medium  la  accompanied  by  a  tempera  :ure 
rise  of  the  medium  as  a  whole  and,  in  particular,  of  its  individual  micro- 
volumes. 

Heating  caused  by  surface  friction  '  is  local,  that  is,. 

appears  at  the  surface  boundary.  By  the 

surface  boundary  ve  mean  any  surface  at  which  external  friction  can  ariae. 
The  absolute  temperature  rise  of  the  medium  pa  a  whole  la  not  detectable  i*1 
the  overall  level.  However,  the  local  rise  can  be  appreciable  owing 
to  ice  effect  on  other  phenomena,  for  example,  on  chemical  reactions 
occurring  ac  medium  boundaries . 

Hasting  due  to  surface  friction  is  very  distinctly  manifested.  If, 
for  example,  we  immerse  s  thermometer  in  e  cavitation  fountain,  it  will 
show  4-30°  C  (that  is,  ths  temperature  of  the  liquid),  however  one  cannot 
hold  it  with  the  hsnd  owing  to  intense  heating  at  the  glass-akin  interface. 

Beating  of  the  medium  caused  by  sound  absorption  is  another  form  of 
the  effect.  Here  soma  of  the  acoustic  energy  lc  converted  into  thermal 
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energy,  which  then  cause*  a  rls*  in  the  temperature  of  the  medium., 
Heating  depends  on  the  absorption  coefficient  and  the  Intensity  of  the 
acoustic  vibrations  giving  rise  to  cavitation. 


figure  6 i  Systematisation  of  Various  tav.  alien  Effects 
[W  on  following  pagjj 
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K*y:  A.  Acoustic  and  ultrasonic  fields  in  a  liquid 

B.  Cavitation 

C.  Prirr.nry  effects 

D.  Secondary  effects 
S.  Pressure  rise 

F.  Mechanical  damage 

G.  Temperature  ris« 

H.  Temper zeure  damage 

I.  Condensation 

J.  Oxidation,  reduction 

K.  Degassing 

L.  Diffusion 

M.  Luminescence 

N.  Dispersion 

O.  Depolymari ration 

P.  Variable  and  constant  flows 

Q.  Electric  potential 

R.  Change  In  heat  transfer  coefficient 

S.  Cavitation  damage  to  cooling  surface 


If  some  volume  of  the  medium  is  subjected  to  acoustic  and  ultrasonic 
cavitation  and  within  it  total  absorption  of  the  energy  thua  developed 
occurs,  the  intensity  of  heat  transfer  K  w  la  equal  to  the  total  acoustic 
intensity  received  by  the  vibrating  aurface  Nac  £ac  -  acoustic]  .  Let 
the  irradiated  volume  of  the  medium  have  the  thickness  a.  Let  the  sound 
intensity  on  entering  the  layer  be  represented  by  lj,  on  exiting  from 
the  layer  —  the  cross  section  of  the  acoustic  field  --  F,  then  the 
intensity  of  the  rtound  developed  in  this  layer  la 

A,.r=(/i  —  /->  /'  (]) 

la  expended  in  heating  the  medium. 

Using  equation  (1>  and  Beer's  law  of  variation  in  sound  absorption 
lu  s  medium,  w«  gst 


where  d  Is  the  absorptivity  of  the  medium 
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Th«  rise  in  the  water  temperature,  if  we  neglect  thermal  conduc¬ 
tivity,  ia 

•  V 

>n  I 

where  T  ia  the  heating  time; 

G  ia  the  weight  of  heated  volume; 
ia  the  specific  heat  capacity. 

The  temperature  rise  caused  by  the  friction  of  layers  of  the  liquid 
and  by  the  absorption  of  acoustic  energy  can  be  appreciable. 

During  cavitation,  high  temperatures  In  micro volumes  of  collapsing 
cavities  also  develop  due  to  the  high  pressures  arising,  which  is  some¬ 
times  accompanied  by  the  glowing  of  indistinct  arers  In  cavitation  zones 
of  the  liquid.  The  temperature  rise  in  the  microvolumes  of  the  collapsing 
cavities,  significant  as  it  is,  does  trot  Iwd  to  an  appreciable  rise  in 
the  mean  temperature  of  the  medium.  Uewavem^  local  points  with  high 
temperatures  are  very  dangerous  since  they  cause  the  secondary  effect 
of  electrochemical  erosion  of  metallic  surfaces  located  in  the  cavitation 
zone.  The  nature  of  secondary  effects  is  outremely'  diverse,  but  they  are 
eimilar  in  that  they  ail  lead  to  damage  of  surfaces  swept  by  the  cavitating 
liquid. 

As  a  result  of  the  sbvupt  pressure  rise  in  the  microvolumes  of  the 
liquid  adjoining  s  solid  surface  caused  by  collapsing  cavities,  gradual 
spalling  of  solid  particles  of  the  wall  material  occurs,  which  then  leads 
to  surface  damage.  11.1  a  damage  Is  usually  local  and  occurs  in  areas 
where  the  cavitation  cavities  have  collapsed.  Damage  can  develop  *t  a 
high  rate,  which  depends  entirely  on  the  intensity  of  the  cavitation 
process*  In  addition,  temperature  damage  to  the  surface  —  its  melting 
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•pace  —  may  also  occur  since  *  sharp  rise  in  the  temperature  of  the 
microvolume  corresponds  to  high  pressures  in  the  collapsing  micro- 
volumes  of  the  liquid.  In  those  cases  when  the  collapsing  of  the 
cavities  occurs  at  a  liquid-surface  interface  and  if  the  temperature  of 
the  microvolume  exceeds  the  melting  point  of  the  wall  (or  a  specimen) 
material,  the  surface  melts.  If  the  temperatures  in  the  microvolumes 
of  the  Liquid  a re  below  the  melting  points  of  the  material  of  the  wall, 
then  changes  in  the  surface  color  (opalescence  color)  are  observed  in 
the  area  of  th“  cavltating  volume  of  liquid. 

Simultaneously,  at  the  liquid-surface  interface  oxidation-reduction 
processes  occur,  ultimately  also  leading  to  damage. 

The  constant  and  variable  flows  ? n  the  liquid  and  the  diffusion 
processes  aggravate  secondary  effects  —  efforts  of  damage  owing  to 
acceleration  In  the  entrainment  of  particles,  of  the  damaged  surface.  Thus 
far  tho  specific  role  in  surface  damage  of  frequency  of  vibration  and  the 
material  remains  unexplained.  Study  of  thes*  relationships  will  make 
posolbU.  a  precise  selection  of  methods  of  control  for  given  cavitation 
processes . 

4.  Causes  of  Cavitation  in  a  Liquid  and  Cavitation  Damage  of  Vibrating 
Surfaces  Swept  by  This  Liquid 

The  hydrodynamic  theory  of  cavitation  shows  that  for  s  gas-vapor 
cavity  to  appear  and  grow,  an  Initial  focus  of  a  void  in  the  continuity 
of  s  liquid  is  necessary. 

In  other  words,  an  initial  bubble  is  required,  which  under  favorable 
conditions  begins  to  grow  i <  size,  and  then  collapses  in  the  higher- 
pressure  zone.  However „  when  the  liquid  is  under  dynamic  stress,  s  void 
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can  occur  In  the  liquid  during  the  elongation  pheue,  accompanied  by  Uw* 

fomacion  of  cavities,  which  collapse  durisig  tne  ocwprisaeton  ph.'st 
♦ 

ev;:n  without  the  presence  of  the  initial  void.  To  cause  discontinuity 
in  the  liquid,  the  cohesive  force  of  noleeulca  trust  be  overcome.  Is_i 
degj*».iid  liquid  not  containing  foreign  impurities,  stresses  equal  to 
several,  atmospheres  arc  required  to  produce  *•  void,.  Bui:  If  these  cavities 
collapse,  then  high  pressures  build  up,  which  can  l.-e  an  high  as  several 
thousand*  of  atwoepnerce .  These  pressures  lead  to  the  Inception  of 
numerous  centers  of  secondary  cavitation.  The  detrimental  conreuuruces 
of  cavitation  in  equipment  are  well  known,  for  example,  damage 
to  hioc-speeu  turbine  blades,  end  vibrating  cylinder  liners  and  blocks 
of  dlfceel  engines  even  when  marie  of  the  beat  materials , 

Cavitation  devcixp r.  during  the  elongation  phase  of  a  Llqc  d 
occurring  with  variable  acoustic  pressure  In  the  acoustic  and  itrasonlc 
ii eld  of  the  liquid  caused  by  e  vibfitlng  surface.  Cavitation  is  accom¬ 
panied  by  the  noiae  it  produces  in  the  liquid. 

Cavitation  cannot  arise  in  weak  acountlc  fields  Q?3j  ,  since  for 
cavitation  to  apxt'tr  the  minimum  intensity  must  be  exceeded,  which  Is 
referred  to  ««  the  critical  threshold  of  cavltatlou. 

This  threshold  value  depends  o:\  the  frequency  of  the  sound,  the 
amplitude  of  the  vibrations  of  the  liquid,  ind  the  forces  of  cohesion  In 
the  liquid,  and  increases  with  rice  in  chc  external  pressure  *nd  wi<  • 
doorcase  in  tempera turn.  Cavitation  proves  to  be  sspecislly  severe  at 
the  Interface  of  two  media,  since  here  only  forces  of  cohesion  an« 
operative.  The  appearance  of  cavi&a'ilcn  is  particularly  favored  by  the 
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presence  '.»  eo»\r>d- Irradiated  liquid  of  cavitation  nuclei e  which  may  bo 
substances  dissolved  in  th^  liquid,  email  particles,  and  gas  bubble* 
undetectable  v-ich  che  unaided  ey«.  hear  these  uuclei  the  forces  of 
cohesion  are  severely  weakened  *  In  purified,  degassed  liquids,  due  to 
the  absence  of  (molecular)  gas  inclusions,  the  number  of  capitation 
wuclci  Is  at:  a  miniaiun,  therefore  cavitation  can  appear  in  this  Instance 
at  even  higher  vibration  Intensities.  But  if  cavitation  Is  induced  in  a 
liquid  in  which  dissolved  gas  ia  present,  under  the  effect  of  elongation 
this  gas  viU  be  evolved  In  minute  bubbles.  These  bubbles,  dui  to  hydro- 
dynamic  forces,  rerge  into  larger  bubbles  and  rise  to  the  surface  ct  the 
.  iquid..  If  the  frequencies  of  the  free  vibrations  of  the  gas  bubbles  of 
i  givin  size  vibrating  In  thi  liquid  arrive  at  rmuonance  with  the  fre¬ 
quency  of  the  hydro-acoustic  field  of  the  liquid,  cavitation  forcer  can 
he  significantly  increased.  The  resonance  frequency  of  ga«  bubbles, 
according  to  the  date  of  H.  Hataushuk,  i«s  delenalnt i  approxinatel y  by  the 

following  relauior  {  (  , /  ~ 

.1 - "*1 

'  /  V 

where  |)  le  the  intensity  of  the  Liquid; 

Pq  is  the  hydrostatic  pressure  in  the  liquid; 

Xs  is  the  ratio  of  the  specific  heat  capacities  for  the  gas  in  the 
bubbles  (cdlabAt  index); 

d^  Is  the  bubble  diameter. 

In  the  range  of  ultrasonic  frequencies,  the  frequency  dependence  of 
cavitation  evldsutly  le  determined  by  the  small,  inertia  of  the  effect,  since 
com*  time  is  required  to  form  the  cavities,  l&srefora  et  vibration  fre¬ 
quencies  up  to  20  kite,  cavitation  in  dlei.rei  engines  appears  at  lower 


latent  it  lea  than  in  the  Mgh-fitquency  range  of  vibrations 


At  very  high  ultrasonic  frequencies  (above  5  MHz),  cavitation  has 
thus  far  not  been  produced  by  experimental  means. 

The  critical  threshold  of  cavitation  rises  uith  increase  in  viscoeltv 
of  the  liquid.  When  the  actual  value  of  this  threshold  vas  measured, 
extremely  dissimilar  are  obteinea. 

Based  on  new  studies  [46]j  ,  to  excite  cavitation  in  tup  water  at 

2 

20  kHz,  an  ir tensity  of  about  1  w/cm  is  required,  and  at  an  Intensity 
of  zOO  kHz  --  lO  w/cm^.  Acoustic  and  ultrasonic  cavitation  Induced  in 
cooling  jackets  of  diesel  engines  leads  to  the  failure  of  vibrating  and 
fixed  surfaces  of  the  diesel  engines  that  are  water-swept.  Thus,  when  a 
high-intensity  vibratory  field  Is  excited  in  a  liquid,  the  initial  cavities 
appear  in  the  absence  of  impurities  in  the  form  of  suspended  foreign 
particles  and  gases  in  the  liquid  due  Co  the  detachment  of  the  vibrating 
surface  from  the  liquid  and  Cue  to  voids  within  the  liquid  as  the 
acceleration  and  velocity  of  the  vibrations  are  increased  to  some  critical 
threoholcL  W*  fer  *  critical!  and  V' 

Tht  level  of  vibration  in  diesel  engine  cylinders,  as  we  know,  is 
evaluated  by  dynamic  factors  such  as  amplitude,  velocity,  acceleration, 
aud  frequency  of  the  vibratory  process,  which  are  specific  for  each  par¬ 
ticular  oiecel  engine.  On  exposure  to  vibrations  of  the  cy Under  wall, 
a  hydro-acoustic  field  is  produced  In  the  coolant  liquid.  When  this 
happens,  gas-vapor  cavities  appear,,  mors  precisely,  the  cavitation  of  the 
liquid  begins.  The  intensity  of  cavitation  depends  on  several  variables, 
which  include  —  besides  vibrations  —  first  of  all  the  temperature  of  the 

28 


medium,  the  pressure  at  the  given  point,  the  viscosity  of  the  medium, 
ite  flow  rate i  the  presence  of  Impurities  In  it,  and  it*  gas  composition. 

The  cavitation  process  will  begin  also  when  there  is  a  pressure  drop 
at  a  given  point  in  the  medium  down  to  the  cri  rlcal  pressure  or  the  * 
saturated  vapor  pressure,  pd . 

In  a  medium  chat  has  no  displacements  of  the  liquid  flow  (standing 

liquid)  under  the  effect  of  the  vibratory  field,  cavitation  will  begin  at 

the  instant  when  the  velocity  of  the  vibrational  motion  reaches  a  critical 

value  V  at  which  the  Liquid  suffers  discontinuities  and  gas-vapor 
cr 

cavities  form. 

The  critical  velocity  of  vibrations  depends  to  a  large  extent  on  the 
physicochemical  properties  of  the  liquid. 

(ui  m  plana  wavs  of  vibrations,  the  pressure  intensity  ir.  the  acoustic 
range  of  vibration  frequencies  can  be  determined  by  the  formula 

'  (3) 

where  c  is  the  speed  of  sound  in  the  medium; 

V  is  tfcn  amplitude  of  velocity  of  par'.’lclo  vibration; 
p  is  the  amplitude  of  the  variable  preovesej 

•  a 

A  is  the  amplitude  of  the  vibrations; 

V  is  the  amplitude  of  the  acceleration. 

Vibrational  motion  of  the  mediura  particles,  as  the  pressure  wave 
propagates,  lead  to  the  inception  in  the  medium  of  variable  pressure  p^, 
which  varies  periodically  at  the  frequency  of  the  vibrations 

/.*,  «=  p  sin  id/. 


n  —  pc.’/. 
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If  the  plane  pressure  wave  with  intensity  I  impinges  against  an 
obstacle  that  completely  reflects  the  pressure  waves,  It  will  exert  the 
following. overall  pressure  on  the  obstacle} 


;_>/ 

t* 


If  the  obstacle  psrtiuliy  damps  the  vibrations,  the  overall  presrure 
will  be  smaller. 

The  oscillations  caused  by  the  vibration  of  a  surface  lead  to  the 
particles  of  the  surrounding  liquid  adjoining  the  surface  to  undergo 
vibrational  motions  relative  to  the  equilibrium  position  and  simultaneously 
cause  their  displacement,  that  ia,  a  constant  liquid  flow.  This  phenomenon 
shows  up  in  the  form  of  intense  currents  'aiding  to  vigorous  agitation  of 
the  medium  and  is  brought  about  by  the  viscosity  of  the  liquid.  The  nature 
of  the  flows  observed  during  testa  at  tha  KSV  is  shown  in  Figure  7. 
According  to  experimental  data  obtained  by  tha  authors,  and  also  from  the 
work  [25]  ,  the  flow  intensity  increases  with  increase  in  radiation  iuten- 
■Ity*  The  direction  of  the  flov  remains  unchanged. 


The  variable  pressure  in  the  acoustic  range  of  vibrations  and  the 
constant  flow  play  a  major  role  in  forming  gas-vapor  cavities,  in  the 
reduced -pressure  tone,  and  in  the  collapse  of  these  cavitiee  in  the 
increased-pressure  zones.  These  phenomena  are  t/ien  responsible  for  cavi¬ 
tation  damage  to  surfaces,  As  a  rule,  a  vibrating  surface  and  a  fixed 
surface  located  in  the  zone  of  the  variable  pressure  wave  and  the  spouting 
liquid  are  damaged. 

The  vibrational  Intensity  necessary  to  cause  cavitation  to  begin  is 
e  critical  value  and  depends  on  the  frequency  and  amplitude  of  the 
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vibrations,  as  vail  as  several  other  parameters  characterising  the  con¬ 
dition  of  the  medium  In  vhich  the  vibrational  processes  take  pises. 

Based  on  the  equation  determining  the  acoustic  pressure,  let  us 
write  an  equation  for  the  plane  pressure  wave  in  the  liquid: 

« 

p  -  :-!\  _  Ji.'*.  (4) 

sc  "  >■  - '  1  11  ’ 

where  g  Is  sccelerstion  due  to  gravity. 


Figure  7.  -Schama  of  Liquid  Motion  in  the 

Region  of  a  Vibrating  Surface  of 
a  Specimen: 

1  -  Direction  of  motion  of  cavitation  cavities 

2  -  Vibrator 


3  •  Specimen 

4  -  Direction  of  motion  along  specimen 
Key:  A:  Water 


,r**q*&*Vr*#&Sf* * 


A  void  develops  In  ths  liquid  whan  there  la  a  decrease  in  the 

pressure  pfl£  down  to  a  specific  limit  at  which  it  will  be  equal  to  the 
« 

difference  between  the  static  pressure  pg  at  a  given  point  in  the  liquid 
and  the  saturated  vapor  pressure  at  the  given  temperature t 

.  t-iK 

/>..  -  P.t  =  V  -  - • 


4P  -  p>c  mi  p4  -  Pd  "  p,e  -  »^_PC  • 

g 

The  velocity  of  the  vibrational  motion  of  the  particles  of  the 
liquid  will  be  assumed  to  be  the  critical  value 

1/ 

V  £r-  —  — .  • 


The  critical  acceleration  of  tha  vibrational  motion  of  water  particles 


—  2  v  (”«  —  / 

(K 


wLare  p  is  the  saturated  vapor  pressure  at  the  specified  temperature, 
d 

From  this  equation  it  follows  that  the  critical  velocity  of  vibra¬ 
tions  of  the  liquid  molecules  depends  only  on  the  physicochemical  pro¬ 
perties  end  its  temperature.  Data  characterizing  the  critical  velocity 
of  the  vibrations  in  technically  pure  water  will  be  as  follows  for 
various  temperatures: 


t  in  cC 


5  10  20  30  40  30  60  70  80  90  100 


V  in  cm/sec  7.15  7.13  7.1  6.99  6.7  6.34  5.7  4.77  3,46  1.98  0 

cr 

As  follows  from  these  date,  the  critical  velocities  ere  not  large  end 
decrease  with  increase  in  temperature.  At  100°C  cavities  can  begin  to 
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fora  spontaneously  in  th«  water,  that  Is,  the  water  begins  to  boil. 

Specific  critical  accelerations  of  the  vibrations  of  the  liquid,  which 

Increase  with  the  vibration  frequency,  will  correspond  to  these  critical 

velocities.  Values  of  W  at  15°C  when  V'  -  7.1  are  listed  in  Table 

cr  cr 


v 

\ 


,<rs\/C ‘ 

»  -  •  V  ^ 


Figure  S.  Diagram  of  Molecular  Korea s 
Within  and  at  the  Surface  of 
a  Liquid  . 

KEY:  1  -  Gas-vapor  medium 
?  -  Liquid 

By  examining  Figure  8  we  see  that  the  interaction  of  the  molecules 
A  and  A  in  the  surface  layer  of  the  liquid  and  situated  within  its 

•  •  f 

volume  (molecules  A^,  A  and  A^>  differs.  In  the  surface  layer 

the  attractive  force  1 ^  in  the  direction  of  the  pair  ia  many  times 
smaller  than  the  attractive  force  F^  toward  the  bulk  of  the  liquid.  The 
difference  of  these  forces,  per  unit  surface,  is  the  internal  pressure 
end  amounts  to  11,000  atm.  That  is  why  W8ter  is  so  resistant  to 
compression. 

Damage  to  e  fixed  obstacle  in  the  hydro-acoustic  field  of  a  liquid 
will  occur  the  more  rapidly,  the  higher  the  velocity  of  vibrations,  given 
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tha  condition  that  It  la  higher  than  some  critical  velocity  threshold 

V  at  which  damage  begins.  The  proportionality  of  the  intensity  of 
cr  • 

daiLM^c  at  a  fixed  barrier  in  the  liquid  to  the  velocity  of  vibrations  is 
observed  because  the  pressure  drop  leading  to  discontinuity  of  the  liquid 
Is  directly  proportional  to  the  velocity  of  the  vibrational  motion  of 
particles  of  the  liquid. 


Table  1.  VALl'SS  0?  CRITICAL  ACCELERATION 


ft 

!  3 

!<) 

It.n 

II  Ml 

1U  I  'M 

“  A/I  •• 

•Ho 

•ticO 

i  \  U.'iJ 

•1  |u  Cii.. 

c 

j 

1,13 

0,11 

O.myJ 

v,A  1 

KEY:  A  -  f  in  Hz 

v 

b  -  W’  in  cm/sec 
cr 

C  -  A  in  mm 

The  rate  of  damage  at  the  vibrating  surface  which  is  ths  source  of 
the  hydro-acoustic  field  is  proportional  for  a  given  liquid,  to  the 
acceleration  of  tho  vibrations  of  the  surface,  assuming  tha  condition  that 
the  acceleration  of  the  vibrational  motion  is  higher  than  a  specific 
crlCical  acceleration  threshold  at  which  damage  begins.  This  correla¬ 
tion  in  the  damage  at  the  a  vibrating  surface  is  accounted  for  by  the 
fact  that  the  void  in  the  continuity  and  the  collapse  of  a  cavity  results 
from  the  action  of  the  inertial  forces  of  the  water.  As  shown  in  Figure 
9,  during  tha  first  period  of  the  vibration  of  the  surface,  (position  X), 


the  inertial  forces  Induced  in  the  liquid  Pv  jv  •>  vibrating,  1  ~  inertial] , 
do  not  exceed  the  forces  of  cohesion  therefore  there  is  no  void  in 

e 

the  liquid  and  thus  no  cavitation.  When  during  the  first  period  (position 
II)  of  vibrations  the  forces  P  ^  ar*  exceeded  by  the  forces;  ,  a“  void 

will  occur  in  the  liquid  at  point  A  and  cavitation  uilL  begin.  When 
during  the  second  half-period  of  vibrations  the  forces  required  to  collapse 
the  cavity  P  ,  are  exceeded  by  the  forcee  Pv,  (position  III),  closure  of 
the  cavities  will  begin  at  point  B,  and  cavitation  damage  will  set  In. 

Since  the  amplitudes,  frequencies,  and  their  derivatives  (velocities 
and  acceleration  of  vibrational  motion)  differ  in  magnitude  for  different 
diesel  engines,  depending  on  their  design  and  operating  conditions, 
cavitation  processes  in  the  liquid  cooling  the  diesel  engine  and  processes 
of  cavitation  damage  can  have  different  intensities  for  each  type  of  diecei 
engine . 

The  vibrational  acceleration  ic  characterized  by  the  following 
expression; 

U'  . 

that  is,  acceleration  is  a  function  of  amplitude  A  and  frequency  f. 

Therefore  for  the  same  acceleration  of  the  vibrational  motion,  where  it 

is  somewhat  larger  than  V  cavitation  damage  will  always  occur.  However, 

cr 

here  the  amplitude  of  the  vibrations  must  be  somsahat  larger  than  the 
threshold. 

It  can  be  assumed  that  in  cavitation  damage  occurring  in  the  range  of 
relatively  low  frequencies  to  2000  Hs,  generally  pressure  forcee  will  act 
destructively  since  due  to  the  removal  of  heat  to  the  ambient  environment. 


I 


th*  temper  ft  t.ura  factor  will  not  play  *  key  rol«  owing  to  the  relativaly 
lew  cyclicity, of  the  teaparaturo  factor  with  &  low  expo  sura  tltra.  then 
cavitation  occur*  in  the  higher  frequency  x*og«,  to  the  mechanical 
factors  la  added  the  temperature  factor,  and  aft  ft  result  of  which  electro- 
chauical  processes  arc  thus  Intern* if lad. 
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Figure  9<  'Plot  of  Cavity  Formation  and 
Col  lapse 

I  -  v  »  max,  w  “  0 

II  -  v  «■  0,  w  -  max 

III  -  v  ■  0,  w  ■  max  (A  io  tha  Instant  of 
discontinuity;  B  is  the  instant  of 
collapnu) 
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Wc  know  that  for  a  vtbrstory  intensity  of  hi gh- frequency  device* 
oi  1  »-w  at  a  "fre^jency  of  ICOO  Kz  surface  cleaning  processes  occur.  When 
the  Intensity  of  the  device  is  increased,  at  the  same  frequency,  metals 
pl  seed  on  the  vibrator  undergo  heating  and  melting.  At  intensities  of 
20  -  30  kv,  high  alloy  steel  and  refractory  metals  will  melt  on  the 
vibrators . 

In  the  general  case,  the  intensity  of  cavitation  damage  (weight  lose, 
/\<J)  is  s  function  of  pressure  p  and  temperature  T  in  the  microvoiuina, 
potential  V',  and  current  strength  X  between  the  heatod  microvolume  of 
the  ambient  medium  and  the  surface  bsing  damaged; 

/  <•'•;  7:  /). 

Howaver,  the  intensity  of  surface  damage  is  also  s  function  of 
several  other  factors,  l^ivsc  of  all  they  must  be  regarded  as  including 
the  following:  the  material  of  the  surfaces,  the  finish  of  the  surfaces, 
the  temperature  and  moisture  content  of  the  medium,  the  acoustic  characteris¬ 
tic*  of  t’ue  vibrations,  and  the  t lo  t  rate  of  the  medi-mp. 

For  a  preliminary  estimate  of  the  acceleration  motion  ct  which  a  liquid 
begins  to  experience  a  void  in  the  layer  directly  next  to  the  vibrating 
surface,  let  us  examine  ha  forces  applied  at  the  microvolume. 

Let  us  delimit  the  microvolumu  Av  from  the  adjoining  layer  of  liquid 
near  the  vibrating  surface  and  executing  motion  according  to  the  vibrational 
lava  of  this  surface.  It  is  assumed  that  discontinuity  *n  *  liquid  with 
the  formation  and  collapse  of  cavities  directly  at  the  vibrating  surface, 
that  is,  at  the  interface  surface-adjoining  liquid  layer,  its  die  most 
dangerous  from  the  standpoint  of  erosion.  Here,  the  lcttrtial  force  of 
the  water  P  -  m  dw/dt,  the  cohesive  force  of  the  liquid  P  ,  the  drag 
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of  the  la)rers,  and  the  force  of  friction  against  the  other  layers  will 
act  at  the  delimited  microvolume. 

Neglecting  the  forces  of  drag  and  friction  in  view  of  their  small¬ 
ness  [2d],  let  ua  set  up  the  equation  of  lorces; 

pWi  "  ®ac  dw/dt  "  pcoh  • 


* 


where  m  is  the  attached  mast  of  liquid,  assumed  constant;  and 

at 

dw  Ik  the  acceleration  of  the  hydrovolume  of  the  liquid. 

It  Is  assumed  that  discontinuity  of  the  liquid  at  the  boundary 
of  the  trictovolume  will  occur  if  the  sum  of  forces  applied  at  the  micro- 
volume  exceed  the  cohesive  f trees  of  the  liquid: 


Xntegtatlng  the  equation  we  get 


»  dw  ■  P 
at  ^  coh 


dt  ot  ■  w  »  P  t, 
■  at  Coh 


The  velocity  of  vibrational  motion  at  which  a  discontinuity  will 
occur  will  be 


Since  the  frequency  of  the  vibrations  is  inversely  proportional  to 

Che  tieie  <1&)  -  1/t,  then  v  *  P  ./«  <*).  Acceleration  of  the  vibrational 

coh  at 

motion  is 


W  -  v£4>  -  Pcoh/  mat 


Acceleration  of  vibrational  motion  at  which  die  liquid  tuffets  a 
discontinuity  at  the  boundary  of  the  vibrating  surface  is  a  constant. 
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independent  of  the  vibration  frequency. 

The  vibrational  acceleration  will  depend  only  on  the  cohesive  forces 

at  the  boundary  of  the  vibrating  surface  with  the  liquid  of  the  mess  of 

adjoining  water.  Schematically,  this  can  be  shown  by  the  diagram  in 

Figure  10.  No  damage  will  occur  in  the  subcritlcal  region.  When  the 

acceiera^iof'  of  vibrations  Is  increased  beyond  W  ,  cavitation  damage  will 

begin.  This  is  valid  for  the  formation  of  cavitation  and  erosion  in 

dleeel  engines,  since  thi  vibrating  surfaces  execute  vibrations  in  the 

high- frequency  region  where  the  adjoining  naes  of  liquid  ia  virtually 

independent  of  vibration  frequency.  Based  on  the  data  given  in  , 

2 

the  stress  ior  discontinuity  to  occur  is  3.6  kg/m  for  water. 

O 

Therefore,  the  cohesive  forces  of  water  per  cm.*’  of  surface  amount: 
to  0.36  g.  Tc  determine  the  critical  acceleration,  we  must  know  the 
adjoining  mass  of  liquid.  It  can  be  determined  by  rha  difference  in  the 

frequencies  of  the  free  vibrations  of  the  given  surface  in  air  and  in 

•/  2 
water.  The  mass  of  water  per  cm  of  surface  area  is  0.00002  g  *  ec/cm  . 

“»s*d  on  the  mass  of  tha  adjoining  water,  we-can  also  determine  the 

thicfcnsuo  of  the  adjoining  layer,  which  proves  to  be  0.C2  mat. 

Therefore,  acceleration  of  vibrational  motion  at  which  the  liquid 

begins  to  experience  discontinuities  at  the  surface-water  region  la 

approximately  18,000  cm/sec4  or  18  g. 

The  collapae  of  cavities  and  also  the  process  of  cavitation  damage 

begin  at  somewhat  higher  acceleration*.  Experience  in  building  diesel 

engines  shows  that  at  cylinder  linei  «i bra. ions  with  an  acceleration  of 

20  g,  traeeu  of  the  initia’  stage  of  cavitation  damage  are  already 

detectable. 
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5,  Cavitation  and  Conditions  for  1c*  Inceptiun  in  a  Medium  Flowing 
Papt  a  Booy,  in  thu  Absence  of  Vibi  at.!  oua .  Locations  of  inear 
Effrcti,  tn  l/tuael  Engine* 

Tire  critical  pressure  p  r-t  which  cavitation  Uginn  dbpendt  to  * 
large  extent  on  physicochunicxl  propertiee  of  the  liquid:  vlacoalty, 
content  of  dissolved  gases  and  of  air,  a^jiujty,  temperature,  ami  «o  on. 
Tl'e  saturated  vaoor  pressure  usually  ia  lower  than  i.hw  critical 
praasura  and  depends  mainly  on  the  temperature  of  the  water.  Values  of 
p^  are  giver  ii  Ttbie  Z  for  various  temperatures »  Haro  the  fraction 
which  preaaure  i#  of  tdn  ataotoherlc  pressure  pM  ,  in  p*r  coot,  is 
shown,  baaed  ou  the  data  given  in  ![jQ  . 
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Cavltattoti  p-occseso  in  th<j  cooi.issg  system#  of  dieeel  engines  are 
caused  raaiuLy  "by  hign- frequency  vibrations  of  cylinder  liners,  The 
changes  in  the  flow  velo*;itie8  of  the  wool apt  fluid  are  the  corresponding 
pressure  decreases  end  increnues  Chat  art  Induced  can  promote  cavitation 
damage,.  This  can  be  mo  ft  graphically  made  je-rident  at.  thr  locations  close 
to  the  inflow  of  vater  into  the  vu ter  ecket.  Cavitation  pi  os;  ice  PS 
Induced  when  flow  occur*.  peat  asyrvnetrie-profile  solid  bodies  (typical 
of  propellers,  turbines,  puiapa,  and  so  on)  arc  encow  tered  in  diesel  enginoa 
in  the  water  pump,  especially  at  high  intake  heights. 


Table  2.  taturat^d  Vapor  Pressure  of  Water  ac  Various 
Teitpera  cure* 


in::* 

n 

Pc  *  Ki.'rr  ^ 

1  1 

.'M 

.vf 

; 

Su 

tr‘J 

I  «»rr 
" 

•«v  ; 

••  *r* 

1 2oS 

•  i.  ii<r„ 

o,9 

,,l 

5.5 

- 

4 

7,2 

12,2 

1 

KEY:  h  -  t  ir.  °C  .. 
B  -  pa  in  kg. /is 


The  preclude  change  Ap  at  acme  point  on  the  sur  face  of  the  body  swept 
by  a  liquid  and  leaner  fed  in  il:  to  a  depth  Lj-  from  Che  free  surface  is 
wstimat^d  by  Che  rlimens  ionlese  coefficient  of  local  rarefaction  I 

.  ,  >  5, 

7  *,  V  *  J  / 


Her*  q  ■  —*  the  velocity  pressure  of  the  InMdsnt  flow  (velocity  bead) 

Pq  la  the  hydrostatic  pressure  at  the  particular  point  ct*  tlio  ivryc 
body; 

Pj  and  t> ,  are  the  pressure  and  flow  velocity  at  thit  same  point, 
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Tit.  siaxinnao  rarefaction  will  occur  at  the  point  where  the  coefficient 
becomes  a  uiaxifeura,  and  the  pressure  at  thia  point  will  be: 

■"«-  •  ■  r.  —  i  M- 

Tho  cavitation  prices®  will  begin  when  become#  equal  to  the 

critical  pressure  p  ,  and  then  attains  the  saturated  vapor  pressure  of 
water  at  the  given  temperature . 

The  possibility  of  a  cavitation  process  developing  when  a  solid  body 
is  swept  by  a  fluid  is  evaluated  by  the  cavitation  number  y  by  comparing 
it  with  tho  coefficient  \  _  ... 

*  BiUX 


Rt  r»w:  #■  V*  ^ 

•  S  Vk<*  V*r.*V  ■»*•  f  »  VWU  «.Wit 


lit ',Jl  (I  S'  A  V»  •  t  -kn'O  *1  1  Am  ( •  Vi  1  »*»  A  Vk  » 

/ v  ww  w v  wv  wuvk ^  avk  w •  asses  wia® 


cavitation  number  %  there  will  be  no  cavitation.  It  develops  given  the 

a> 

condition  tlrat  X  ^  % 

~  ^  j  nax 

'ibe  Vi.i.ut  of  'j/C  corresponding  to  tin:  initiation  of  the  ctfciv  ition 
process  fit  be  taken  as  the  critical  cavitaticw  number. 

Thu  critical  velocities  at  which  the  pres  sure  in  tUa  flaw  oi  tlv p 
fluid  pas,t  tho  solid  body  Ik.  reduced  to  pcr  or  will  be  equal  to  the 
follow i.og,  respectively »  tfc  ^  mux: 


_  -1^--  Nf-  f1«'  ~.,)i>  . 

‘  '1  *  .7  * 

*4  Oil  " 


')  I  »•  .  —  i  i  .‘l  -  —  .*1  . 

t  —  -  V  *l_  '  ...  •  »  *  .f 


^opendiu'f.  >>a  tbv  pressure  r-.'ductiou  in  the  stream  at  the  surface  of 
tho  swept  boaj ,  in  hydrodynamic#  a  ciatinctioit  is  mude  between  gat cons  end 
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gas -vapor  cavitation,  and  the  latter  can  have  two  stage*. 


Gaseous  Cavitation  (£  ■  ^ cr)  begins  when  due  to  the  diffusion  of 


gases  and  air  at  the  sites  where  the  pressure  reacts  pcf  cavitation 
bubbles  develop,  which  on  moving  along  the  swept  body  collapse  under  the 
effect  of  increased  pressure. 

The  first  stage  of  vaporous  cavitation  begins  if  the  local 

p."886ure  drops  to  p^  (cold  boiling  of  water).  When  this  happens,  the 
gaseous  bubbles  earlier  formed  will  grow  by  being  filled  with  vapor  from 
the  liquid.  This  stage  In  the  development  of  cavitation  represents  a 
danger  fres  the  standpoint  of  possible  rapid  appearance  of  cavitation 
erosion. 

The  second  stage  of  vaporous  cavitation  (^<C  ^  t#  characteristic 
cf  a  substantial  expansion  of  the  cavitation  zone. 

A. n  experimental  study  of  flow  past  various  profiles  in  cavitation 
conditions  shows  that  the  instant  of  cavitation  onset  can  bs  determined 

by  the  beginning  of  its  first  stag?  when  “Pd*  There fora  the 

-  „  pQ-i'd 

critical  cavitation  number  can  be  expressed  as  r  /t r~s*~~ — i’Vrf-' 

The  rarefaction  peal;  at  the  surface  of  a  segmented  profile  can  be  found 
from  the  plots  (Fig.  11)  of  Shenkhetr  from  Guts  die's  materials.  Fig.  ll 


shows  the  dependence  of  the  maximum  rarefaction  coefficient  t  m 

>  max 

(£p/<l)rjax  the  suction  side  of  the  profile  (as  applied,  for  example, 
to  the  blade  of  a  water  wheel),  relative  profile  thickness  £  “  e/b,  and 
the  lift  coefficient  calculated  for  a  profile  of  infinite  else. 

M  the  present  time  problems  of  the  cotiblned  role  in  cavitation 
erosion  of  high-frequency  vibrations  and  both  pressure  drop  and 
rise  resulting  from  changes  in  flow  velocity  I'  they  are  not  large  and 
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cannot  by  themselves  produce  cavitation  have  not  yet  been  adequately 
studied.  This  it  because  in  vibrations  the  formation  and  collapse  of 
cavitation  cavity  occurs  at  the  same  site.  In  a  variable -velocity  flov 
the  formation  of  bubbles  occurs  in  the  section  where  the  maximum  -flow 
velocity  end  the  minimum  pressure  are  found,  while  collapse  occurs  over 
the  section  where  the  flow  velocity  drops  and  the  pressure  rises.  In 
estimating  the  combined  effect  of  these  factors  responsible  for  cavitation 
erosion,  in  each  individual  case,  depending  on  the  intensity  of  vibrations, 

s 

the  hydrodynamic  properties  of  the  flov/,  and  the  general  level  of  pressures 
and  temperatures,  one  must  make  appropriate  calculations  to  determine  the 
conditions  for  the  formation  and  collapse  of  cavitation  bubbles.  The  most 
objective  data  here  can  be  obtained  by  experimental  means. 


Figure  11^  Effect  of  Cavitation  on  the 

bocal  Rarefaction  Coefficient  £; 
at  the  Suction  Wall  of  a  Profile: 

1  -  ^  at  the  first  stage  of  cavitation 

2  in  the  absence  of  cavitation 

3  -  £  in  the  second  stage  of  cavitation 

4  -  propagation  of  eddy  in  the  second  stage  of  cavitation 

5  -  propagation  of  cavitation  eddy  In  the  second  stage  of  cavitation 


Studies  made  to  determine  the  flow  rate  of  coolant  water  showed  that 
as  a  rule  the  flow  rate  ia  leer  than  1  m/sec  and  only  at  the  locations  of 

inflow  in  individual  cases  is  the  value  as  much  as  2  -  8  m/eec,  that  is, 
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the  critical  values  required  for  cavitation  and  cavitation  damage  to 
develop  are  not  attained. 

Thus,  high- frequency  vibrations  are  the  main  cause  of  cavitation 
erosion  In  diesel  engines. 

The  hydrodynamic  process  of  the  formation  of  cavitation  plays  the 
main  role  In  damage  to  crankshaft  bearings  of  diesel  engines,  since  the 
flow  rate  of  the  oil  in  the  *edge  of  the  main  and  butterfly  bearings  of 
diesel  engines  affects  damage.  As  a  result  of  a  sharp  pressure  drop  in 
the  oil  layer,  gas-vapor  cavities  are  formed  in  the  oil  wedge,  which  then 
collapse  In  the  increased -pressure  zone  and  damage  the  bearing  surface* 
Cavitation  phenomena  In  bearings  (especially  connecting  rod  bearinga)  are 
also  affected  by  vibrations  along  the  column  of  oil  in  the  drilled 
lubricating  passages  in  connecting  rods. 

Damage  to  bearings  la  still  not  widespread.  However,  with  Increase 
in  the  operating  speed  of  diesel  engines,  cavitation  damage  to  bearings 
can  take  on  a  more  serious  nature.  1 lerefore  bearings  must  be  designed 
with  allowance  for  the  attainment  of  minimum  flow  rates  of  the  oil  wedge 
with  minimum  pressure  drop. 

The  hydrodynamic  process  of  cavitation  Is  intrinsic  also  to  the 

fuel  equipment  of  diesel  engines.  There  have  been  cases  in  which  plunger 
pairs  of  uprated  diesel  engines  have  Jammed  due  to  cavitation  damage. 
Damage  caused  by  cavitation  at  fuel  pump  plungers  is  thus  far  quite  an 
Infrequent  phenomenon*  However,  there  is  every  reason  to  assume  that 
continued  uprating  of  diesel  engines  in  terms  of  power  (increasing  the 
cycle  feed)  and  in  rpa  (reducing  the  time  required  to  feed  a  given  portion 
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of  fuel),  that  Is,  an  increase  in  the  dynamics  of  the  cycle,  would  lead 
to  intensified^  hydrodynamic  processes  of  tho  formation  o.f  void*  in  the 
mass  of  fuel  and  to  more  frequent  damage  and  jamming  of  plunger  pairs. 

6.  Vibration  of  Cylinder  Liners  as  a  Source  of  Cavitation  in  Diesel 
Engines 

Intensive  vibrations  of  cylinder  llnet*  leading  to  cavitation  in 
water  jackets  of  diesel  engines  are  caused  by  piston  blows.  When  a  piston 
passes  the  Cop  dead  center,  the  direction  along  which  the  aide  pressure 
force  (sign)  is  applied  changes  and  the  piston  shifts  from  one  wall  of 
the  cylinder  to  the  other  opposite  wall.  Platon  situ  cares  place. 

Sine?  there  la  a  gap  between  the  piston  and  the  cylinder  liner,  the 
slap  occurs  with  impact.  It  is  obvious  that  when  there  is  a  large  gap 

between  the  piston  and  the  Liner  and  when  the  side  force  is  large,  the 
velocity  at  which  the  piston  striker  the  cylinder  wall .will  be  higher.  The 
Impact  energy  will  Increase. 

Oscillography  of  liner  vibrations  and  gas  pressures  In  an  engine 
cylinder  and  their  comparison  with  the  plot  of  j  Ide  pressure  forces  for 
a  piston  reveal  the  following  [^17j  . 

1.  Bursts  of  intensivs  y Under  liner  vibrations  develop  with  each 
change  in  the  sign  of  the  side  pressure  forces  Pg  [s  -  side]  ,  causing 
piston  slap.  The  greatest  dispersion  is  found  for  liner  vibrations  caused 
by  the  piston  impacting  near  the  TDC  [top  dead  center^  when  the  forces  Pgl 
ere  large.  Two  additional  burata  of  intensified  vibrations,  but  at  an 
amplitude  smaller  than  in  the  first  case,  develop  when  there  are  .repeated 


changes  In  Che  sign  of  side  pressure  forces. 

2.  The  frequency  of  liner  vibrations  Is  practically  independent  of 
tae  lord  at  which  the  engine  is  operated  and  its  rpm.  This  has  an  effect 
only  on  the  amplitude  of  the  vibrations  due  to  changes  in  the  forces  PB 
and  in  the  size  of  the  gap  between  the  piston  and  the  liner. 

3.  Under  the  effect  of  the  first  piston  impact  (near  the  TDC)  and 
the  gas  pressure  forces  in  the  cylinder,  the  liner  wall  undergoes  signifi¬ 
cant  bending.  Flexural  vibrations  occur. 

A.  When  liner  vibrations  characterized  jy  appropriate  amplitudes  and 
frequencies  occur,  accelerations  can  reach  values  high  enough  so  that 
the  1  ,uid  is  detached  from  the  liner  surface  and  also  Internal  liquid 
voids  occur,  leading  to  cavitation. 

5.  These  vibrations  in  most  esses  are  vibrations  of  the  liner  wall 
with  the  piston  pressed  against  It,  or  are  natural  vibrations  of  the  liner 
distorted  by  the  effect  of  the  attached  mass  of  the  piston  which  impinges 
against  the  liner  wall  at  an  angle  or  with  part  of  its  lateral  su  face. 

In  approximate  terms,  a  calculated  determination  of  the  vibration 
frequency  ca.i  be  made  by  the  method  of  calculating  the  frequencies  of 
transverse  natural  vibrations  of  a  weightless  beam  with  a  single  concen¬ 
trated  maas.  In  this  case  the  number  of  vibrations  per  minute  n  - 
300/'VfBt  is  static  deflection  at  the  point  at  which  the  concentrated 

mass  (piston)  is  applied  under  the  force  of  its  weight,  in  cmj. 

6.  Slap  of  the  piston  end  the  beginning  of  intensive  liner  wall 
vibrations  occur  not  at  the  moment  of  change  in  the  sign  of  forces  PB  ,  but 
with  some  delay,  determined  by  the  time  required  for  the  piston  to  pass 
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from  one  wall  to  the  other.  Tha  time  t£  of  the  transition  of  piston 
from  one  wall,  to  the  other  Is  found  from  the  expression 


where  6  Is  the  thermal  gap  between  the  piston  and  the  liner;  and 
k'g  Is  a  coefficient. 

Thus,  to  determine  the  piston  slap  time  we  must  know  the  thermal 
gap  for  a  given  diesel  engine  operating  regime  and  for  a  given  mass  of 
the  parts  in  translational  motion. 

The  studies  [lb,  34,  35]  proposed  a  formula  for  estimating  the 
intensity  of  vibrations  of  cyilnder  liners  in  diesel  engines.  During 
the  slap  of  the  piston  in  the  power  stroke  of  a  diesel  engine,  the 
intensity  of  cylinder  liner  vibrations  I  induced  by  the  impact,  of  a  piston 
against  the  cylinder  wall,  is  evaluated  by  the  ratio  of  the  Impact 
momentum  S'  to  the  area  of  piston  contact  with  the  cyilnder  liner 


The  solution  of  several  equations  set  lip  to  determine  the  piston 
slap  time,  the  velocity  and  acceleration  at  the  instant  of  Impact,  and 
also  several  other  quantities,  made  it  possible  to  find  an  expression  for 
the  intensity  of  cylinder  liner  vibrations  in  a  diesel  engine  at  tha 
Instant  of  piston  slap  in  the  region  of  the  working  TDG 


/  =  c,7s 

v  f 


to/ 


Pi  T  po)- 


Here  k  le  the  coefficient  of  restoration  equal  to  the  ratio  of  the 
velocities  after  the  impact  V£  and  before  the  impact  Vj 
(  k  -  v2/vl)i 
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In  the  diesel  engine  rpta; 

is  fchd  weight  o i  the  parts  In  translational  motion; 
is  tlw  ratio  of  the  crank  radius  to  the  connecting  rod  length; 
is  t>*  acceleration  cf  the  piston  in  sideward  motion; 

Is  the  force  <A  jjac  pressure  at  the  piston; 
is  tht.  inertia  iocco;  and 
is  the  wvigh".  i’osrco. 

From  aquation  [  li]  it  follows  that  t.he  intensity  of  cylinder  liner 
vibrations  in  various  dieser  2ngi1.ee  depends  on  a  number  of  design  and 
operating  parameters  which  must  be  regarded  as  primarily  including  th* 
rpm,  cylinder  size,  combustion  pressure,  piston  weight,  material  of  the 
cylinder  and  the  housing  parts,  thermal,  pap,  area  of  piston  contact  with 
the  liner  at  the  instant  of  impact,  and  several  others. 

The  extent  of  the  area  of  plftgn  contact  with  the  liner  Is  variable 
and  depends  on  the  overall  moment  acting  at  the  piston  and  rotating 
it  within  the  limits  of  the  thermal  gap. 

In  the  absence  of  piston  skewing  relative  to  the  wrisepin  axis,  the 
maximum  area  of  contact  is  determined  by  the  expression 
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where  1{  is  the  length  of  the  trunk  section  of  the  piston;  and 

k  It D  is  the  segment  of  the  circumference  along  which  the 
piston  is  in  contact  with  the  cylinder  liner. 

The  coefficient  k^  lies  within  the  limits  0.2  -  0.3  and  depends  on  piston 
design. 


The  minimum  area  of  contact  is  observed  when  a  piston  undergoes 

slap  in  an  inclined  condition,  whan  the  overall  moment  2 w  acts  on 
•  * 

it,  and  la  determined  in  practice  by  a  lit.e  whose  length  la 

At  this  instant  the  specific  stresses  in  the  liner  rise  sharply,  which 

then  la  the  cause  of  more  intense  vibrations,. 

The  magnitude  and  direction  of  action  at  the  piston  2^  are  deter’ 
mined  by  the  ratio  of  four  momenta  of  the  force  couples  acting  at  the 
piston.  They  Include  the  monents  arising  from  the  forces  of  gas  pressure 
at  the  piston  and  the  piston  rings  M'g  ,  the  momenta  arising  from  the 
forces  of  inertia  of  the  haad  M^*  arid  the  piston  trunk  Mc^  induced  as 
the  piston  changes  its  sideward  direction. 

The  force  and  the  quantities  dependant  on  it  can  be  assumed 
constant  for  the  etnsll  crank  angle  during  which  piston  slap  occurs 
(5  -  10°C) .  Accordingly,  the  components  of  the  overall  moment  acting 
c  the  piston  when  tie  piston  begins  contacting  the  liner  are  represented 
by  the  following  equations: 


-(V*'Vi  s 

a\  "(Gt /?;*<!  l*  ; 
k8  - 


•  pt.c  ^  ‘dVbV/42  l- 

where  and  Gj.  are  the  weight  or  the  piston  head  and  trunks 
ere  the  arms  oi  the  fores  couples; 

P  ia  the  total  force  acting  at  the  piston; 

D  and  D  ere  the  diameters  of  the  cylinder  and  the  piston. 
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The  total  moment  rotating  the  piston  depends  or.  several  factors. 
The  magnitude  of  the  moment  will  be  greater  the  greater  the  weight  of 
the  piston  he£d  and  the  shorter  the  trunk  section. 


Figure  12.  Oscillogram  of  Liner  Vibrations  of  a 
6  Ch  £.5/1 1  ?)iesel  Engine  (1500  rpm, 
100%  Load) 


KEY:  1  -  Pressure  of  gases  in  cylinder 

2  -  liner  vibrations 

3  -  Dead  center  markers 

4  -  Current  with  a  frequency  of  50  cycles  per  second 


In  confirmation  of  the  fact  that  the  vibrations  of  cylinder  Liners 
arising  at  the  Instants  of  piston  slap  can  lead  to  detachment  of  the 
liquid  from  the  vibrating  surface  and,  as  a  consequence,  can  be  the  cause 
of  cavitation  in  the  cooling  water  and  cavitation  damage  at  surfaces  swept 
by  the  water,  measurements  were  made  of  liner  vibrations  in  a  number  of 
dlecel  engines  ["l7j  . 

In  the  6  Ch  8.8/11  diesel  engine,  the  vibrations  of  the  cylinder 
liners  were  recorded  with  the  diesel  engine  operating  according  to  the 
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**c«»rnal  end  generator  character  istics .  Tho  vibration  motor  was  mounted 

on  the  side  at  which  the  piston  impacts  in  passing  through  the  TDC  at 

the  beginning  of  the  poror  inf  alca .  As  we  can  see  from  the  oscillogram 

shown  in  Figure  12,  intense  vibrations  arise  during  ««ch  eyile  of  diesel 

engine  operation.  Interpretation  of  the  oscillogram  (Figure  13)  shows 

us  that  the  inception  of  intense  vibrations  coincides  with  the  instants 

of  piston  impacting  against  the  liner.  Vibrations  of  cylinder  linora 

occur  at  frequencies  of  liner  free  vibrations,  whose  first  forms  have 

values  of  800-3000  H*  for  various  diesel  engines  * 

The  most  intense  fast-dancing  vibrations  occur  during  the  combustion 

period  of  the  fuel  when  tho  normal  pressure  P  causing  piston  slap 

0 

from  one  well  to  the  other  is  considerable.  Two  additional  bursts  of 
vibrations  with  an  initial  amplitude  that,  is  smaller  than  in  the  first 
case  coincide  with  the  repeated  changes  in  the  sign  of  the  side  pressure 

K 

forces  and  the  repeated  pistot.  slap  they  caused. 

s.t  a  constant  rpm,  the  frequency  of  low-frequency  vibrations  is 
virtually  independent  of  the  load  at  which  the  diesel  engine  is  operated. 
The  dispersion  of  the  vibrations  increases  somewhat  with  decrease  in  the 
diesel  engine  load  (  Figure  14').  This  is  due  to  the  fact  thet  as  the 
load  is  reduced  the  piston  temperature  drops  and,  as  a  consequence,  the 
gap  between  th«  piston  and  the  liner  vail  increases  and  the  Impact  energy 
rises . 

Liner  vibrations  even  in  a  low-power  diesel  engine  occur  at 
accelerations  that  are  many  times  greater  than  the  acceleration  due  to 
gravity. 
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At  flom«  inatant  tho  liner  vibrations  are  characterized  by  an 

amplitude  th^c  in  Some  cases  reaches  0.008  ntra,  and  by  a  frequency  amounting 

* 

to  7bU0  periods  per  second  at  12C0  rpin.  'in  t.liis  caae,  for  the  6  Ch  8.5/11 

•  diesel  engine,  the  acceleration  of  the  Liner  vibrations  is  45  gt  ani* 

* 

cavitation  damage  to  (lie  lir.ers  occurs  after  500-600  hours  of  operation 
‘  to  a  depth  of  L. 3  nun. 

Wh&n  studies  were  nade  on  the  4  Ch  10.5/13  diesel  engine,  40  hp, 
at  1500  rpm,  clusters  of  pits  up  to  1  nra  in  diameter  and  up  to  0.5  mm 
in  depth  were  found  aft«r  30  hour3  cf  operation,  and  400  hours  of  operation 
proved  to  be  sufficient  for  most  of  the  surface  of  the  Linar  to  be  damaged 
(the  pits  had  diameters  or  6-7  mm  and  were  5-6  um  deep). 

Experiments  conducted  on  4  Ch  10.5/13  diesel  engines  established  that 
the  cylinder  liners  are  subjected  to  pitting  erosion  as  a  rule  when  tht 
4  Ch  LO.5/13  dieael  engines  operate  with  pistons  mads  of  AK  4  aluminum 
alloy.  If  the  engine  operates  with  cast  iron  pistons,  no  liner  damage  is 
observe!.  This  is  accounted  for  by  the  different  gays  between  the  pistons 
ard  the  liners.  When  an  aiurainuw  piston  is  uced,  the  diametral  gap  in  the 
cold  s; ts#  5s  0.52  for  the  test  diet* 3  engine,  and  0.15  mm  —  for  a  cast 
iron  piston. 

The  acceleration  of  liner  vibrations  during  the  operating  Lime  of 
the  diasol  provided  with  aluminum  pistons  was  58  g,  and  when  provided  with 
cast  iron  pistons  --  23  g  (Figure  15). 

Further  tests  made  on  diesel  engines  with  different  cylinder  lirer 
vibrations  showed  that  damage  is  the  more  intense,  the  mote  intense  the 
vibrations.  For  vibrations  with  accelerations  below  18-20  g,  no  damage 
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withir  the  limits  of  diesel  engiuc  service  pervtuda  vcs  detected  <  The 
greatest  vibrations  occur  at  the  frequencies  o k  free  vjUreticav  , 
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Figure  13.  Oacillogracr  of  U  >tr  Vibrations  in  m  fc  Ch  B  .5/1 ». 
Diesel  Engine  ( 1  ‘-CO  rpm.  1 1X17,  I <<*4)  and 
Theoifeticai  Plot  of  tirj  Side  Fr*!«*jr<:  Forego  at 
the  Piston)  s 

x  "  Pressure  of  g.*s  in  e/linCer  2  -  /, i~u:r  v'.ti r.\.z Lon  i  “  T2G  marker 
4  -  Tirse  marker 


KEY;,  a  ~  ,  Kg 

ft  -  sec 
C  -  ll'C 

D  *  1,200  p.-*x Js/sct 


1  -  Alum'rtin  piaUoa 
1  *■  Cost  iron  piston 

KEY :  A  .  f(  Ik 


Fugur?  14,  j;i0«4uc*  of  Dispersion 

t  sed  Vibration  Frequency 
i’  of  Liners  in  the 
<i  'll  S.Vll  IKieseJ.  Engine 
ou  Power  l!e  i 

;  t 


It  via  found  that  the  main  factor  In  cavitation  In  dicst.1  englt.:'i 
1 •}  tlu  vibrations  c£  surfaces  swept  by  water.  The  intensity  of  v/brctiuiis 
tan  be  estimated  by  equation  (5).  The  magnitude  of  the  vibrations  .tj  a 
function  of  numerous  design  and  dynamic  parameters .  Eliminating  cavftaclow 
is  directly  related  to  reducing  the  vibrations  of  surfaces  swept  by  water. 
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Figure  15.  Oscillogram  of  Liner  Vibrations  in  the  A  Ch  10.5/13 
Dluficl  Engine  (1200  rpm,  507.  Load): 

1  -  Time  marker  2  «-  Cylinder  pressure  3  -  Vibrations  A  -  TDC  marker 

KEY:  A  ••  Camshaft  side 
T>  -  Exhaust  side 
C  •  tec 
L  -  TTC 

7.  Theoretical  Lwcerminatlon  of  Frequencies  of  Free  Vibrations  of  Pissel 
Kngino  Cylinder  Liners 

A  calculation  cf  the  frequencies  of  free  vibration*  a*  well  as  a 
theoretical  determination  of  the  poaalbl*  amplitudes  of  frets  vibrations  of 
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difscl  engine  cylinders  i«  necessary  for  a  theoretics i.  evaluation  of 
all  vibration  parameters  of  cylinder  linore .  This  in  turn  In  the  future 

m 

will  permit -a  particular  -ficsoi  engine  design  to  be  calculated  from  the 
standpoint  <>£  the  engine’s  cavitation  resistance.  ,  * 

.  vidently,  the  maximum  vibrational  accelerations  leading  to  fcht 
collapse  of  cavities  and  to  intense  damage  of  surface:1  swept  by  vifcer 
in  the  range  30O-2uGC  hours  can  be  observed  lit  the  region  of  high-frequency 
free  vibrations,  since,  processes  or  cavitation  damage  in  the  region  of 
lower  frequencies  wil-  cake  thousands  and  tens  of  thousands  of  hours  to 
develop  r.nd  therefore  avu  not  dangerous  from  the  standpoint  of  diesel 
engine  longevity. 

To  determine  the  accelerations  of  cylinder  liner  vlbratious  in 
diesel  engine®,  we  must  first  of  all  calculate  their  frso-vi brat Ion  fre¬ 
quencies  with  adequate  precision.  We  can  select  several  systems  of 
calculation.  The  simplest  system  must  be  regarded  «s  considering  the 
cylinder  liner  as  a  prismatic  rod.  The  frequencies  of  lree  vibracions 
determined  in  this  fashion  differ  by  an  order  of  magnitude  from  those 
actually  measured  by  rcBonanc?  and  other  methods  and  therefore  cannot 
serve  as  s  basis  for  calculating  liner  accelerations..  To  determine  the 
frequencies  of  free  vibrauioue  cf  liners,  a  more  complicated  but  also 
moat  exact  method  of  calculation  1c  used,  which  amounts  to  considering  the 


linari  aa  thin-walled  cylinder*  with  different  conditions  of  clamping 
(fixing)  along  their  mergine  [43j  .  Calculations  based  on  this  method 
make  it  possible  to  cat*,  mine  the  free-vibrati  on  frequencies  of  liners 
having  the  first:  form  with  an  accuracy  of  8-10%,  which  is  quite  adequate 

for  practical  calculations. 


From  tha  theory  of  vibration*  of  thin  cylinders  we  know  that  when 
&  cylinder  wall  of  this  kind  is  struck,  flexural  deformations  and  elonga¬ 
tion  of  walls  are  observed  J\a]  .  In  the  sections  perpendicular  to  the 
cylinder  axis  the  vibrations  are  characterised  by  some  number  of  waves 
distributed  along  the  circumference.  If  the  amount  or  if  the  number  of 
waves  in  the  plane  of  the  circle  is  denoted  by  ,  the  first  three 
shapes  of  the  vibrations  are  of  the  form  shown  in  Figure  16.  The  case 
when  is  less  than  two  cannot  occur  for  a  cylinder  liner,  therefore 
we  will  consider  the  simplest  case  when  n^  ■  2.  Here  there  are  four 
linen  on  the  liner  at  which  the  radial  motions  are  equal  to  aero.  These 
Lines  are  called  the  nodes  of  cylindrical  vibrations. 

However,  owing  to  the  tangential  displacement,  the  nodes  are  nor. 
positions  of  absolute  rest. 

Actually,  there  can  be  the  most  diverse  fortno  of  vibrations,  depending 
on  the  combinations  of  cylindrical  waves  and  axial  waves  M, 

The  frequencies  of  free  vibrations  cf  diesel  engine  cylinders  evidently 
lie  within  the  range  of  free-vibration  frequencies  of  identical  cylinders 
with  freely  supported  and  rigidly  fixed  ends.  Therefore  it  is  useful  to 
determine  the  boundary  values  of  the  free-vibration  frequencies  for  these 
casus.  The  sequence  of  calculations  in  both  cases  is  approximately  the 
same. 

We  adopt  the  following  notation  for  the  calculations t 
a  is  the  mean  radius  of  the  cylinder 
a^  Is  the  external  radius  of  the  cylinder 
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a,,  is  the  radius  of  the  flange 

b  is  the  length  of  the  axial  hall -wave 

c'  is  the  constant  of  the  axial  frequency  coefficient 

d  is  the  thickness  of  the  cylinder  end 

d^  is  the  thickness  of  the  flange 

1^,  ly,  lz  are  the  normal  strains 

1,1,1  are  the  shear  strains 
xy  ’  yz  x? 

f^  “ <a) /'2 -ir  is  the.  frequency  of  cylinder  free  vibrations 
g  is  the  acceleration  due  to  gravity 
h  is  the  thickness  of  the  cylinder  wall 

k  is  the  ratio  of  the  hyperbolic  component  of  vibration  to  sinusoidal 
component  (fixed  ends) 

1  is  the  cylinder  length 

m  Is  the  number  of  axial  half-waves  (m  +  1)  —  the  number  of  nodes 

t  *» 
of  axial  half-vJavea 

is  the  number  of  cylindrical  waves  (2n^)  --  the  number  0-*  nodes 
of  cylindrical  waves 

P  ,  P  ,  11  are  the  components  of  normal  stresses 
x  y  * 

P  ,  P  ,  P  are  the  components  of  the  superimposed  stresses 
xv*  xa*  yz 

t  is  time 

U;  V",  A*  are  the  components  of  the  displacement  of  the  central  point  of 
a  cylinder 

X,  Y,  Z  are  the  coordinates  in  the  axial,  radial  and  peripheral  directions 

A",  B,  C  are  the  maximum  amplitudes  of  the  vibrations 
E  is  Young* •  modulus 


Kn t  K  ,  K  are  the  coefficients  In  the  frequency  equation  (freely 
0  12 

supported  ends) 

V  R^,  R2  are  the  coefficients  in  the  frequency  equation  (rigidly  fixed 
ends) 

5  is  the  strain  work  (potential  energy) 

is  the  kinetic  energy 
2  o 

(X  *  h/a;  ■  h  /12ai  —  coefficients 

6  m  '-'-'■  -—  .P  is  fc^e  frequency  coefficient 

{  ,  e2  are  the  normal  strains  in  the  central  section  of  the  cylinder 


©2  urc  the  functions p 1/a  (fixed  ends) 

%  “  tn'Jf  a/l  is  the  coefficient  of  the  length  of  the  axial  wave 


(freely  supported  ends) 


A 


is  the  equivalent  coefficient  of  the  length  of  the 


axial  wave 

yM  it*  the  coefficient  of  the  length  of  the  axial  wave  (fixed  ends) 
p  i»  the  density 

<y  is  Poisson's  ratio 

ic  the  angular  coordinate,  and 
d>  »  2 -Iff  i#  the  circular  frequency. 

For  &  cylinder  with  freely  supported  ends,  the  displacements  In  the 
direction  of  the  X,  Y,  and  Z  axes  (Figure  17)  based  on  the  data  in  » 

are  adopted  in  the  form  of  the  following  equations: 


U  z=  A"  cos  cos  n,0>  cos  at ;  ] 
j  —  sin  n,<I*  cos  at; 


,  .  rnx 

V  ~  iJ  s*a  — 


A'  C  sin  cos  r.jC>  cos  at . 


<G) 
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Figure  16.  Forms  of  Vibrations  of  Cylindrical  Shells 
and  Liners  of.  Diesel  Engine  Cylinders: 
a  -  cylindrical  vibrations  in  the  plane  of 
the  circle;  b  -  axial  vibrations  (1  —  liner 
axis;  2  --  node  of  vibrations; 

It  ia  shown  that  equations  (6)  satisfy  tue  conditions  at  the  ends 
and  are  compatible  with  the  relative  strain. 

»v 

The  vibrations  take  on  a  more  complicated  form  for  cylinders  with 
fixed  ends.  The  following  conditio  is  must  be  satisfied  at  each  cylinder 
ends 

//«•»;  V"  -  0;  ,1'«  0;  «0. 

Title  shows  that  the  radial  displacement  occurs  according  to  a  sinusoidal 
lew,  just  do  the  axial  displacements  caused  by  these  radial  displace* 
neats . 

To  simplify  th%  analysis  of  cylinders  with  fixed  ends,  let  ms 
assume  a  point  in  the  central  plane  of  the  cylinder  arid  let  vs  consider 
Individually  two  conditions  for  the  even  sod  odd  number  of  nodes  of  axial 
vibrations.  Professor  R.  N.  Arnold  proposes  that  the  displacement  in  the 
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axial.  and  redial  directions  be  considered  in  the  following  fora  for 

the  «wib  number  of  nods*: 

« 

t "  /  '  >.  , 

*  *  ‘  '  !  “  T-'i.' —  -ly”,/  (l- 

“  i:  /  1  ‘  r 

*i  v 


’  (  ,w  j:*V  .  •  ‘l*-  ’» 


*  < 


(7) 


Here  the  quantities  Ue  V,  and  are  function*  only  of  fcj*48e»  and 
and  the  value  of  jA  it  given  ee 


■  hi  h 


l-.l 

> « •  \ 


.  ....  !  !i  1* 

i ,  ">1)0.1:  —  *r.  . 


The  root*  of  the  equation  will  be  --- 
in  accordance  with  the  nurabei.  aeries  lt  4,  6,  corresponding  to 

the  nodes  of  vibrations. 

Let  u*  consider  an  element  of  a  cylindrical  BiWill  having  length  1, 

thickness  h  and  with  ttisan  radius  a.  This  element  I»  bounded  by  two  plane® 

shown  in  Figure  18 ,  perpendicular  to  the  X  axis  and  at  a  distance  (fx  „  and 

by  two  radial  planes  at  the  angle  Jcj>  to  the  .p-vta.  The  «tre«ses  Px,  Pyf 

and  P  are  applied  at  the  cylinder  element  parallel  to  the  X,  Y,  era  Z 
£  • 

axes.  The  sheer  stresses  P  ,  P„_,  and  P  ,  which  are  determined  on 

xy’  T*’  xy 

analogy  with  the  first-named  stresses,  are  applied  along  a  p3.«ne  perpendi¬ 
cular  to  the  X  axis  in  the  direction  of  Y.  The  strains  in  the  direction 

of  the  exea  can  be  estimated  by  1  ,  1  and  1  .  Neglecting  the  trapezoidal 

x  7  » 

form  of  the  surface  in  the  direction  perpendicular  to  the  X  axis,  tha 
work  of  cylinder  attain  can  be  written  as 


s=fj  j  -rWt-hPJv 


-l- 


0  0  1 


+  PxJxv)adQ>dxd>„ 
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* 


1 


figure  17.  Nodes  of  Cylindrical  1  and  Axial  2 

Vibrations  0f  a  Cylinder 


Figure  18.  Element  of  Cylindrical  Shell 


Pro  its*,  or  A.  Love  M  ohov/ed  that  to  the  first  approximation 

streeeea  V.  and  shearing  strains  1  and  1  ate  equal  to  zero.  Bated 

*  yx  3t2> 

on  Hooke's  law,  we  have 


t'x  ■-  -<!(  -  al:,y-  1‘;  ~  ‘i~r-'  '*»  +  0^); 


—  •)  ; 


d{l  ;  <!)  ■"> 


jiiter  substituting  these  values  into  equation  (8),  we  get  the  expression 
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L«t  us  additionally  designate  a*  the  strain  in  the  X-axis 
for  the  central  surface  of  the  cylinder,  and  *•  th*  strain  in  the  Y 
axis  for  the  central  surface  of  the  cylinder,  and  let  kj  stand  for  the 
curvature  of  the  surface  along  the  X  axis,  and  k2  "•  along  the  Y  axis, 

Ve  will  denote  the  strain  in  shearing  by  ,  and  the  strain  in 
torsion  by  'T.  The  strains  then  at  the  distance  Z  from  the  central  surface 
are  determined  from  the  following  expression 

L  =  ix,,  —  v  —  - ZT- 

Let  ur  assume  that  U,  V'  and  A*  are  the  instantaneous  displacements 
of  a  point  in  the  central  surface  in  the  directions  X,  Y,  and  Z,  while 
the  s.rain  and  curvature  can  be  given  in  terms  of  displacement,  and 
their  derivatives  can  be  given  as  follows: 


Xn  expression  (10)  <$>  determines  the  angular  positions  of  the  point 
of  Interest.  By  expressing  the  strain  in  these  equations  in  terms  of  U, 
V',  and  A',  Inserting  the  data  obtained  into  equation  (9)  end  integrating 


63 


<pf jJS 


'  <**  ^m'j***^'^-  V*T*  MfW^hiMWW  IL1 1  m  l^wiwr  ^fWIX) 


It,  we  get  the  following  equation  for  the  airain  work 

S"-C5^{^f».<8At 
.  .  - 1>  'i-.-,v'" — Ti.f  -ii(«.\'  — n;.ij":  - 

’J.t(-)^ | — ii/i.6’  l'  r*l^-lj  u  (;* “-'i A',  —  ir/til/.^a)1!  t 

_l.  (1  -  ;-H'V2  —  Juki'l/V  -r 

-  ‘Ij*  (•*  -p  '  —  Jl  ^ l '/.  !.,)  i (  - 


01) 


Here 

P  -=  w ;  «.  -  « .  -  !  -  A*  sin  J£l . 

The  expression  for  the  kinetic  energy  in  eny  case  of  clamping  j^lxing^J 
can  be  represented  as  follows 


-  -  i 


xdz 


---  •■-,•:  -  o.-\- 


r. 


Since  U,  "V,  are  independent  variables,  using  Lagrange's  equation 


we  get 


d  .vr..  \  _  u7  ,  _  __  o.s_ 
~-'  \o0  /  «/'  *  "<5:7 


and  two  analogous  equations  for  V  and  Aq, 

Inserting  6/  =  /l"  cos  o >t\  V  ~  B  cos  oi/;  .4,,  =  C  cos  ot 


and  writing 


ii' 


we  get  the  following  equations; 
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1 


u  i-vt**T*  -9 


(12) 


[,,■*0,  -:-  (1  —  a)  /lie,  —  AH,]  A"  — 

- j-(i  —  o)fi/;,0.,/J  J-  frfly,C  --=  0; 

{'110,  f-J  (1  -  -  a)ji20;  —  A0,  -f 
-i-pj'ifa  f2(i  —  a)  ii'djjj  3  — 

- '£■(*  —0)11/1,0^"  — 

-  !«A  ;'-  P  [«?«t  f  (2  -  o) |i?n,a| :  c  -  0; 

o^'-Vl  —  |/:,0i  -T-f<|/.  ‘0.  r-(^ —  ay.  /,,(-;,!  |  a  -f 
+  (0,  _  ,\0,  4-  jl  (u40,  ;-  .r  -,o,;0,)|c  „  0. 


For  an  odd  number  of  nodes  of  axial  vibrations,  the  displacement 
is  represented  by  the  following  equations: 


U  —  A'  ^ous  - - /v- cos /:  —■'j  cos/j,<I>co3 <•)/; 


V"  (\i'1  11' 
'  \""  ,! 


t  .  .  I IX  \ 

«■’  oil*  a  -~j~  j  sin  /ij*,*  cos  i*>/ 1  '  ( 1 3) 


A  --  C  ( sin  —  A*  sin  /j  cos //,<!)  cos  w/; 

In  equations  (13),  the  quantises  W  are  expressed  in  terms  of 


.  ui  ,  .  u/ 

♦<r  _  =  t<r  /,  -  . 

Mi  ^  Mi 


js 


The  roots  of  equation  (13),  ~  ~-x;  — -  n;  n; 

then  correspond  to  the  number  series  3,  5,  7,  ... 

The  considerations  concerning  tho  odd  number  of  nodes  of  vibration 
along  the  cylinder  axis  are  analogous  to  equation  (12)  for  the  maximum 
amplitude  A",  B  and  C  and  are  applicable  for  any  number  of  nodes  of  axial 


vibrations  given  the  condition  that 


0,  =  1  -f  (— I 

es==  1  (_?“ slnJi/_. 

\  1“'  a 


*y 
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If  vs  cancel  out  the  quantities  A',  B  and  C  from  equation  (12)  we 

get  the  cubic  equation 

•  •!  k -  R„  0. 


.  a  r  i  .. 


for  which  the  frequency  of  free  vibrations  ie 

f  ■  1  l/'- /V'" 

fr  '-.m  i.t,wr  (H) 

Here  the  coefficients  Rq,  Rx  and  ^  will  be  as  follows: 

A>«  <T  < 1  C)  |  1  —  <J-  ^  J  ft1  -j- 

-•-?>  —  nr)  (il '  ...  j  _  2o) 

C« Vif  ..>?)  r-|3  -o-2o(  j u,/,J - 
—  C2  -a)  j  2-.-  (1  — 

'  '  -'•>  »;  S'i  r«S  :  i-ii- 

A',-.  -  ,.- ■%)?«!■ 
H- -5  (1  •-«>»;  -5  j„H 

;  p‘f  ',-ti -«).*!  l„.^ 

U.  "  1  O  j  • 


.  ^v‘ 

,  h,  1  , 

)  -  r  - 

!-  ii6  -- 

tf.j' 

-  c)  ( 

r-^  V  f 

^  o.  J  1  •  • 

T  ,  - 

- 1  n'n'i 

~  (3  —  o,'  /(' 

+  2;l  — o)ii!  —  M3 —  O'j  - £'-)  ; 

1-  U|  Vv_  J  4 

- u -  (•’  ~  w)  *'i  —  2  (i  —  a)  -y---  j l"  —  ; 

-!-  4  (3  -  c)  «v  a. »  4-  p  j>  -r  2  -g-  ~  r-l  + 

T  2  (:  --</)  -p--  [I*  T-  . 


The  equation  for  the  determination  of  the  frequency  of  free 

A 

vibrations  of  cylinders  with  freely  nupported  ends  can  be  derived  as  a 
particular  case  from  che  theory  of  the  frequencies  of  free  vibrations 
of  cylinders  with  rigidly  fixed  ends  when  *  @2  “  Here  the 
axial  form  of  the  wave  becomes  sinusoid;:!,  in  turn  agreeing  with  the  freely- 


supported 


end  case.  Then  equation  (15)  becomes  simplified: 

-v'  -■  A, A-  A', A  -  A,,  0, 


where 


f  .  ; 

fr  -Tf  t  f»  (•  — 

The  coefficients  K^,  Kj  and  will  be  as  follows: 


A„== y(l  —«)-{!  — o)a'  y  (1  -f-  «i)‘  ■ 

—  2  (4  —  o;)  a/i;  - b/.-'n,'  —  2/iV  -4(1-  o')  /.4  f- 


•u  -r  .'ii 


A'.  —  - 1  -  1 1  ...  n\  (i1  n:\~ 


„  o„2\  :  1  1 

V*  **  V  f  * . 


_[.  _L  (i c) /.>?  |i  [  C3  —  o) {>:  ■  «f)3  -r 
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Since  £ ^  and  A2  are  small  in  comparison  with  other  terms  in  tl 
cubic  equation,  the  following  linear  equation  can  serve  as  suitable 


approximation : 


*1  1  A 


.  /  A  -  \  - 

rl  Afj 


in  which  the  coefficient  Kq,  and  are  determined  by  the  following 
equations: 
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jyflflPKMW  fnrW'^r'  ■w«l»i«j*M»’WW  *****fr«ir  ^ f^v^ittntM *  1 


A’u  -■-  t,- ( *  •—  «)-' ( j  •;-  a;  ;,<  t-  ?  (}  --a'jj<  ■(/.'  -~  /;^j '  - 

•~  is'/.'iil  —  2;-v  :  /<•■; 

A,  ^  J  .(i  —  u)  {/■  -  «;)  ;-  1.  (3  — a  -  7;  )  J..-  }- 


}  (1«) 


•  "■  0  -  -  c);i:  ;  -^-<3  -  o;;';  (>/  -  ;■•)■'■, 
Kz  -r  1  •:*  *v  (■<  *-  o)  (>.5  -f-  //i). 


A  eolution  to  the  P>  toa  oi  equation*  (ISl  presides  ^  vtr.  iuexn ;t 

re  milt,  linnet  very  awkward  exp  tv.  0:1  S  y.e  ;  r.  for  coelf  J  t  i  eaca  in  thu 

equation  c..?  tf>g  frogvieo.iy  of  Irttt  vibrations  of  s  cjlloder  with  IJjk',' 

coda,  while  in  actual  operating  cot:  die  low  in  a  >-'lee«l  engine  co*  #v;»pcrc* 

of  *  lin^r  execute  vibratfona  together  with  fcUe  dock  and  iheesfor*  are 

not  abao-^teLy  rijild.  i.rnc<?  the  t hr  cry  of  fixed  tod/*  does  not  fully 

correspond  tc  tht  «cr«iu  cnof’-ii exaat  calcu?  »'  h't r  '•re  df.fi  t-ui.:  to 

pwrfons.  More  exact  r. 'leu  let 4 >n«  «rs  oVtaiad  the  syvtri?  T;s  cqune lens 

(Ibj  is  «olv«d  for  v  >ri  uiv  wj.v  li  Cctta- j  nupported  end« .  Pr.ilaooo.'  R.  N  , 

Arnold  f*5j  vonvidftve  '. V.  unit*  obvious  cUe*  ,)  given  cyiiuda.v  with  length 

at  it*  ti  de  enu  vita  a  periodic  force  can  be  rcpl  »n«  d  by 

.**‘OC,h£"  eq-ivaltirvc  cylinder  will*  frtoly  a>‘ppor-,xd  enJa  oi  the  eana  cix  ec 

•wUw  ««?  h.; v.iog  the  ee-jw-  frequency  of  vibration*  if  .>*  length,  ii  'l  - 

■  ^ 

Is.  In  tfci*  tee* 


Thle  in  turn,  eutke#  it  poncible  to  «*t  up  the  reletior 

*  "  I  *t  ■  ,  ’  .’W 

„(  -'■■■  ■  tf;i  -  c.)  -•  -. 

Sere  c^  '■  !i  «  furctieo  of  u  end  n,^  aural  a  Leo  of  cylinder  *x*«, 


■wwi'  n 


■j~v^r  t* *-*-»*»  if>Mt 


•vm 


Baaed  nn  chu  data  in  £43]  ,  the  optiual  value  of  i»  0.3  for 
various  cveee.  T'.tJ  calculation  lo  performed  with  the  iaoi«  procedure* 
for  *  cylinder  with  flanges „  hut  only  tho  equivalent  diameter  d  ic 
cal  curated  recording  to  th.j  formula 

1 

.  ;  <  •.  1  -  i 1 

“  "‘  i>  ■:<■,.  .  I  ’ 

1: 1 1  I 

vh&rr  .  <  ■ 

* 1 1 

T>.  equivalent  lUtia’  frequency  cue t  f f ciont  le  determine'!  by  tbo 
cr. m*.  **  i  hi 

.  , 

' ,  1  :r  -  u..i /  ‘  I  . 

a 

Laved  u n  t Kea^  thui/revical  prerequisite*,  the  procedure  for  deter- 
wioir ■[  tiva  frequencies  of  >t«v  vibrations  of  cylinder  liners  in  c'leael 
itiiglnr;*  car.  be  1 1  follows: 

1)  th*i  q.:;<tit.l  tlia  E,  and  y  muat  be  ac'.cctad  for  the  liner 
materia* j  end 

2)  then  hi  cJofiicR  /f  the  length  df  the  a-lal  wave  ,  the 

cwv  ff  riftnta  K^,  hj  tcid  Xy  ,  th»  frequency  coefficient  ,  the  frequency 
of  the  free  vibrations  of  tee  cylinder  liner  f  ,  the  coof ficienta  of  the 
«ttachod  mace  *<f  water,  and  the  cocfficli.-nt  .■  '  must  bo  determined. 

Up 

Tor  the  cua«  -f\^yl.l(  the  calculation  wee  »ad<i  for  the  frequency  of 
free  vibrations  of  a  liner  with  allowance  for  the  flange,  and  the  fre¬ 
quency  of  free  vibrations  of  e  cylinder  liner  wee  calculated  with  allow¬ 
ance  for  the  coefficient  of  the  attached  mass  of  wa£er. 

In  the  a« coiid  etep  the  calculations  were  made  for  caeca  of  freely 


supported  and  rigidly  fixed  ends  of  a  liner  for  different  corob Inst  ion*  of 
axial  and  cylindrical  forms  of  vibrations. 

An  an  example,  we  present  the  calculation  of  the  frequencies  of  free 
vibrations  ot  a  cylinder  liner  in  a  6  Ch  1.5/18  (Figure  19).  ?or  this 
engine  we  have 

a  -  78.25  mm,  h  »  0.5  era , 

1  «  276  fern,  *2  “  87*5  mm, 

a^  “  81.5  mro . 


Figure  19.  Linear  V  Iv.w.a  U>nu 
of  a  LIror  in  * 

6  Gh  15/18  JMesel  Jinguia 

lhe.  liner  was  made  of  .78  Kh  MVu  A  ik-iy  U.trl,  for  wnich  we  asa^'O,- 

..  '*  T 

E  "  2*lt*  kgA<m~; 
p  "  6.0*10“^  kg/muJ; 

<7  m  (J.70; 

-  h2/U«2  -  02. 3  712  *0121'  -  Q.UOU5'*7. 

Inserting  the  p  and  *r  fu®  above  into  v.h*.  syetote  of  v^iMtluis  (I*/), 
m«  get  the  :  ^efficients ; 


Ki,  ".  '  Is/.1  r  i  [(  /.'  r  ;,i)'  —  81/,i  —  r  ?!i  ■  • 

!\\  «■  ( /.'  •  /i[)  '•  1. 3/.*  -  (),37/i|  -1-  0,00070  (a  c  ,l\)  > 

Kz  -  !  -  1 ,37  (/.?  •*-«?). 


#  5.0'  •  10*  . ,  .  i  ■  o/.jv  |  T 

Per  a  given  c  -Under  liner,  we  have  'fr '  imt.-’-jS  '  r_  ,Uv 


For  a  cylinder  liner  with  freely  supported  ends  when  m  ■  1,  ■  2 

). (*.S0.  a"  «  0.7 92;  ><  -  -  0.027. 


Here  K0  -  0.282,  ^  -  0.028,  and  K£  -  7.56. 
The  frequency  cos flic  lent  la 


”l  1 1 .iij.-i  V.  I  l.i.'rtj 


,=  0,02 1 3. 


Thus,  tha  frequency  of  irex  vibrations  of  a  liner  v.' th  respect  to 


the  first  (urn  will  be 


t .  ,  “  lMti.Si/1  t  * ,  1  Z  \  j  tj.  |  rj(,() 

ir- 1 


’/ )i  *>  0  nnd  »  ■»  1  k  the  vt/lue*  of  the  quantitie*  ere  «e  follow*  i 

/  0.89,  /.-  -  0.702;  /.*  0.027. 

/Vi.  I  A,  14,11; 

\  i.  M  il  (  )  ,.(>:<! 


and  the  frequency  of  the  free  vibrations  in  the  second  form  In 


l'M\  ■  | 


I  .’  ■  ■  ■  ’! 


2270  Hr, 


Wien  r^M  2  end  m  ■  2,  the  values  of  the  quantities  ere  as  follows t 

/.  1 ,70;  /.-  .3,17;  A:  u),t)"»; 

/\„  .1,9;  K ,  2-4.0;  A'.,  •  10,85; 


and  the  frvt/a oncy  of  the  f7  «a  vibrations  of  the  third  form  is 

f  "  ! i > *>ii< !  /  t i « »7  i.jG(-  Hz. 

£t—3 

When, we  consider  a  liner  ay  a  cylinder  with  fixed  ends,  we  must 
again  determine  the  values  of  these  quantities.  Por  the  first  form  of 
vibrations,  when  n_  »  2  and  m  m  1.  we  have 

i 

/.•  -  l.l.'.n;  l.di;  !,S; 

/>  .  ■-•  a,  r:..0;  v.  ,\  -  u.Oo-iij, 

and  the  ft equcncy  of  the  free  vibrations  of  the  first  form  will  be 

f  -  2490  Hz, 
fr-1 

For  the  second  form  of  vibrations  when  ■  3  and  m  *  1,  we  have 

/.,•  2  /.  j  • .  •  ;  lo,~;  •*»  O.OoS, 


and  tha  frequency  of  free  vibrations  of  the  second  form  la 


f fr_2  -  2570  Hz. 

For  tlw  uhiru  form  of  vibrations  when  «•  2  and  m  «*  1,  we  have 

•  ••,  2  <■■■'■ :  /./,  •  •  li.L'i,  Hl.rd; 

•V,  1.2:  /;,  •  /\.  lO.O'.  \  0. IT'lfi. 


and  the  frequency  of  free  vibrations  is 

f,  ,  -  4450  Hz. 
fr-3 

The  moot  exact  r>  suits  in  determining  the  frequency  of  free  vibrations 
Is  given  by  calculating  a  liner  with  freely  supported  ends. 

Since  <1  *  87.3/JJ1.5  ••  1,075,  which  is  less  than  1.1,  we  do  not  have 
to  determine  the  frequencies  of  free  vibrations  oi  a  liner  as  a  cylinder 
with  flanges  at  ir.a  ends. 

In  a  similar  fashion,  the  frequencies  of  free  vibrations  of  cylinder 
liners  in  other  diesel  engines  are  carried  our..  These  calculations  were 


made  when  the  raediua  surrounding  the  liner  was  water*  Actually,  the 
cylinder  liners  swept  with  water,  some  of  which  participates  in  the 
vibratory, process .  And  the  mass  of  the  liner  must  actually  be  Increased, 
and  the  frequency  of  the  free  vibrations  somewhat  reduced. 

The  ratio  ofithe  frequency  of  free  vibrationr  of  a  body  in  air  with 
respect  to  the  frequency  of  free  vibrations  of  the  this  same  body  in  another 
medium,  or  when  its  mass  is  increased,  is  called  the  coefficient  of 
attached  mass. 

According  to  the  data  of  P.  N.  Lefonova,  a  formula  for  determining 
the  coefficient  of  the  attached  mass  of  water  le  as  follows; 


v-  s=  1  - 


Oh  y  n\  a* 

where  V  is  the  coefficient  of  the  attached  mass  of  water 
a^  is  the  external  radius  of  the  cylinder 
la  the  density  of  the  liquid  (water) 
p  Is  the  density  of  the  cylinder  material 
t>  is  the  thickness  of  the  cylinder  wall 
n,  is  the  number  of  nodes  of  cylindrical  half-waves. 


(20) 


Here  1  lo  the  length  of  the  liner  in  contact  with  the  water. 

The  calculated  values  of  the  coefficients  of  the  attached  mass  of  water 
sre  listed  in  Table  3  for  /several  diesel  engines. 

Therefore,  with  consideration  of  ths  the  Metrically  calculated  values 
characterizing  the  attached  mass  of  water,  the  frequency  of  free  vibrations 
of  cylinder  liners  (  j-r,at  [at-p  attached]  will  be  somewhat  lower,  since 
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-  .vrrsf..  '*r****t****u*i*’r. 


f,  »  y  L  . 

fr  ,et  fr 

Table  A  presents  the  frequencies  of  free  vibrations  of  cylinder 
liners  of  diesel  engines  designed  for  the  case  of  freely  supported  ends, 
and  frequencies  of  free  vibrations  with  consideration  of  the  attached 
raaos  of  water. 

When  a  liner  Is  rigidly  fixed  in  the  block,  the  frequencies  of  free 
vibrations  will  increase,  however,  according  to  the  data  in  £l8j  we  must 
also  take  account  of  the  attached  mass  of  the  piston,  which  in  turn  again 
reduces  the  frequencies  of  the  free  vibrations. 


Table  3.  Coefficients  of  Attached  Mass  of  Water 
for  Several  Diesel  Engines 
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10  -  Ch  23,00 


M  -  ill  kg/sw2  -lo6  M  -  D  23/30 


5  -  Ch  b.5/ll 
C  -  Ch  10,3/13 
7  -  Ch  12/14 


12  •*  hote.  'Che  following  values  wave 

ass'uaed  for  diesel  engines  shown  in 
the  tablet  Oj  “  Zf  ■  IQ*'**  kg/mn^ 

13  •  Calculated  values 


M 

m 


m 


Uv /toj  at 


m 


■ » •  «w/“  iurm"*-**''1 


Table  4„  Frequencies  of  Free  Vibrations 
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KEY:  1  -Diesel  engine  model  9  »  Ch  23/30 

2  -ffr  *  10  -  D  23/30 


£r,at 

4  -  Ch  8.5/11 

5  -  Ch  10.5/13 

6  -  Ch  12/14 

7  ~  Ch  15/18 
g  -  Ch  18/20 


1c  is  difficult  to  determine  the  attached  piston  mass,  since 
according  to  the  data  in  [[34,  35},  curing  the  operating  time  the  piston 
c«o  be  in  a  canted  position  and  not  rest  fully  against  the  liner. 

Therefore,  we  adopt  as  an  assumption  in  our  calculations  that  the 
increase  in  the  frequency  of  free  vibrations  resulting  frcm  the  more  rigid 
fixing  of  cylinder  liner  ends  is  compensated  by  a  drop  in  frequency 
due  to  the  attached  piston  mass. 

Aa  shown  by  experience,  the  actual  frequencies  of  free  vibrations  of 
cylinder  liners  in  diesel  engines,  determined  by  the  resonance  method  as 
well  as  by  the  impact  method  is  closest  (  with  a  small  error)  to  calculation# 
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isade  assuming  freely  supporting  ends. 


Q 

Table  5,  Calculated  and  Experimental  Frequencies  of 

Free  Vibrations  of  Cylinder  Linere  in  Diesel 
Engines 
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KEY : 


1 

2 


-  Diesel  engine  model 

-  Calculated  frequencies  for  f 


fr  ,at 


3  -  Experimental  values  for  f,  for  the  indicated  forms 
A  -  Ch  8.5/11 

5  -  Ch  10.5/13 

6  -  Ch  15/18 


A  comparison  of  calculated  and  experimental  data  for  the  frequencies 
of  free  vibrations  of  cylinder  liners  for  a  number  of  diesel  engines 
Ch  8.5/11,  Ch  10.5/13,  and  Ch  15/13  is  shown  in  Table  5.  These  data  indl« 
cate  that  when  the  coefficient  of  the  attached  maos  of  water  V  is  taken  into 
account,  the  first  vibrational  form  agrees  thoroughly  well.  Therefore, 
this  method  of  calculation  is  entirely  suitable  when  estimating  the  fre¬ 
quencies  of  the  first  vibrational  form.  Calculated  data  for  frequencies 
of  free  vibrations  in  air  without  allowing  for  the  attached  mass  of  water 
a^e  closer  to  the  frequencies  of  free  vibrations  of  higher 
orders,  since  the  attached  mass  of  water  depends  on  the  frequency  of 
vibrations  of  cylinder  liners  and  evidently  V  is  close  to  unity  for 
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V 


vibration  frequencies  above  3000  H*. 

8.  Theoretical  Estimate  of  Accelerations  of  Cylinder  Liners  at  Pree- 
Vibration  Frequencies 

For  a  theoretical  estimation  of  the  vibrational  accelerations,  we 
must  determine,  in  addition  to  the  free-vibration  frequency,  also  the 
maximum  amplitude  of  vibrations  at  this  frequency. 

To  determine  the  amplitude  of  free  vibrations  of  cylinder  liners 
and  thus  accelerations  of  vibrations,  ve  must  consider  the  displacement 
of  a  liner  acted  on  by  side  force  P  applied  by  the  piston  against  the 
liner  according  to  an  increasing  linear  law  P  “  kt  (Figure  20) . 

Let  us  assume  that  a  load  increasing  during  the  time  T  from  zero  to 
its  maximum  P_„„  acccrding  to  r,  linear  law,  th"-t  is, 

IHSUk 

Jj  -=  pU i  iej  -  P,:,  x 


is  applied  at  a  liner  is  in  equilibrium  when  the  piston  is  at  the  TDC 
(T  «  0;  Ag«*0;  v  ■  0)  under  the  action  of  a.  force. 

The  displacement  of  the  liner  for  the  time  interval  t<C'I  can  be 
found  from  the  expression 


r'/MK . ){' 


|  i*\:\  (•>(/  -r  (21) 


q>. 

get 


According  to  the  data  in  brackets  ^37]  ,  we  assume,  instead  of  P 
the  expression  P^^  ^  /T.  Integrating  equation  ^2lj  by  parts,  we 

i 


f  l  slin-i  [t  —  ill 
u 


( - sir.  utt 


_  l 

(■)/ 


sir.  oil 
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■'imem 


•  l  1 

X  bill  (0  ( /  —  7)  —  -  7  MHO)/  1  — "  COSoi(f  V)  j  • 

--  /l>r  |l  •  -  *...  |Miii'i(/  —  7’)  — 'i;i |'im|  r= -Ut 

X  M  - “.-sill-:.  I'lTCOS  !,  <I>  t'Jl  —  l)\  — 

I  U/  .  -  J 
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In  its  i  .nal  form,  we  have 

A0  "  Ast  1  “a'/  V  CGSi  (2;  ~  Ti\ 


When  T  decrease*  to  zero,  equation  (22)  becomes  simplified  and 
is  transformed  into  the  expression  for  the  liner  displacement  when  it 
is  acted  on  by  an  instantaneously  applied  load 


Equation  (22)  shows  that  the  displacement  of  a  liner  when  t <  T  is 
a  harmonic  vibration  occurring  in  the  vicinity  of  its  static  equilibrium 
position  A  with  a  period  equal  to  'he  period  of  free  vibrations  T,"  and 
an  air.pLituie  equal  to  the  difference  between  the  deflections  of  the  liner 
when  a  force  variable  according  to  the  assumed  law  is  applied  and  Its 
deflect  ions  whan  the  waximum  force  P  is  applied  statically, 

Therefore,  we  have 

A  <■  A  -  A_„  . 

0  SC 

According  to  the  data  of  engineer  I.  S.  Anishchenko,  the  greatest 
liner  displacement  will  occur  when  cos  (2 1  —  T)  ±  1,  where  the  sign 
next  to  numeral  1  nurt  be  taker,  as  the  opposite  of  the  sign  of  sin  wT/x  - 


Thu*,  the  maximum  amplitude  is 


/l,t,v  ~A*  [■  +(:-.rsl,:“r-)j  • 
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The  quantity  appearing  in  the  parentheses  in  oppression  (23),  is 
the  ratio  of  the  maximum  displacement  of  the  liner  body  Araax  to  its 
greatest  static  displacement  A  and  characterises  the  dynamicity  of 
the  load..  It  can  be  called  the  coefficient  of  load  dynamlcity. 

1  '  (  ;iT  Si"  -r7  )• 

t 

Since  an  exact  determination  of  the  ratio  T/t  is  virtually  impossible, 
then  by  assuming  an  error  within  a  safe  margin,  it  is  quite  natural  to 
assume  the  coefficient  of  load  dynamic! ty  to  he  as  follows,  for  practical 
purposes : 

M  *  -  >Y  • 

The  formula 

a  -  p  /Moo2  -  P  /K. 

St  max  u 

includes  liner  mass  K.  This  mass  must  be  applied  at  the  point  whose 

*» 

deflection  is  under  consideration.  Let  us  determine  the  reduced  stiff¬ 
ness  of  the  cylinder  liner 

&)  "rerf  {p®*!  “  teduced)  . 

The  point  on  the  cylinder  liner  corresponding  to  the  center  of  the 
piston  wriatpin  when  the  diesel  engine  crankshaft  rotates  by  30°  is  used 
as  the  point  of  reduction,  that  is,  at  the  instant  the  maximum  side  force 
P  is  applied. 

It  can  be  shown  that  M  ,*>  j  that  is,  the  reouced  mass  of  the 

body  la  equal  to  the  cum  of  the  products  of  the  masses  of  all  points  by 
the  square  of  their  displacements  1,  which  they  acquire  when  the  reduction 
point  equal  to  unity  ic  deflected, 
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■- -3a(M»’WAVf^P^ 


For  the  assumed  displacement  along  the  Z  axis,  we  can  express  the 
function  1  as  follows 


■  CilS/i,  <1>, 


where  is  the  distance  from  the  upper  edge  of  the  cylinder  liner  to 

the  point  corresponding  to  the  position  of  the  axis  of  the 

o 

piston  wristpin  for  a  30  crank  angle  (c^  **  Cq  +  x) ; 

Cq  is  the  distance  between  the  upper  edge  of  the  cylinder  liner  and 
the  wristpin  axis  when  the  piston  is  at  the  TDC; 

,i  ..  i  >■>  is  the  distance  that  the  piston1  traverses  when  the 
crankshaft  rotates  by  the  angle  d  *  30°  without  allowing  for 
Briks  correction  (H  is  the  piston  travel). 

Earlier  it  was  assumed  that  the  maximum  side  force  P  will  occur  when 
the  crankshaft  has  rotated  by  30°,  that  Is; 

x  -  4“  ( 1  -r  cos 30  )  -=  0.01377/ . 


Then 


;  o,oo7//. 


Inserting  the  value  i  into  the  equation  for  Mre,  we  get  the  following 


expression; 


t  i.1 

Pl‘  '  ' 


J/,’ - -  Oils"  -VO  il.Wl  ii>!'  —  —  --  • 

/  •  271 

X  j  sin5  -  ‘y-  dx  |  cos2  d*I>; 


r.i 


U  0 


V. 


f~*»  <**«'  SHW 


i  .  Vf.-iV  , 

I  >*'*'  ,  '-'V 


I  .  ■/.  - 

M.l* 

;/!.,  i 


“*  ,  1 
'  !>/, 


mu  ‘ir.t  <!■ 


Vhue „ 


M, 


ft 


cl 

> 


where  i  >  Cne  unit  smaa 


(•'••  ?) 


Therefore, 


*  i  .’i 

-  ■••■■■ 

*> ..  .  *  f'I'U- 1 


(-Ml 


‘la  deirrwina  cho  taartinuKi  deflect fom  of  «  liner  *Uvu  acted  on  by  force 
P,  in  addition  io  avic  M  ,  v-ac  bum  calculate  Lhe  diftp  Uceaamfc  velocity 
of  the  piston  «#  i\.  el.ipu  wlti’.ln  th>  l&alr.a  of  she  thermal  &*.p.  Uelng  the 
data  Ir.  ^1/}  ,  we  find  tbit  r.v  t r  the  eectioo  .fitw  0  to  %Q°  of  CA  [crank 
angle}  ,  the  force  P  rietir  f*ww  *»s:r->  to  the  uea.li*u»  approximately  linearly, 
that  1&,  I'  *■  kyt  {».  Jn  the  i.iwu  cvirreej uuiiog  to  the  crank  anglu  of  30°). 

Tlie  acceleration  .>1  ;.he  pie ecu  displacement  Iron  one  cylinder  well 
to  the  ocher  is 

r,  i 

'•  ?  -i.  ’ 

The  pletna  velocity  during  a  lap  la 

l  -  |  -  I  tdl’"  -y  -Cl- 

i. 


Thu  piston  travel  lc  equal  to  the  diametral  gap 

•  '  •  • . •  (:  i ■  r'-j  c.. 

The  values  of  the  integration  constants  are  obtained  from  the  Initial 
conditions  l^r  which  t  -  0,  ^-0.  and  Vc  *  0  at  the  beginning  of  the 
motion,  here  C'^  ■  -  0. 

Thus,  the  piston  travel  velocity  at  the  instant  of  impact  Is 

i  •  .  • 

where  t  is  the  tine  required  for  the  piston  to  pass  from  one  wall  to 
tha  other,  determined  by  the  expression 

i 

The  maximum  normal  force  corresponding  to  a  3C°  CA  Is  found  to  bo 

*u  follows  /'  n.r,'.Y_; 

Hers  ^  '  •  k/L  (R  la  the  crank  radius.  and  L  Is  the  length  of  the  connecting 
rod) 

p^  lc  the  seen  effective  pressure; 

F  Is  f'he  piston  area. 

P 

The  diametral  gap  between  the  pi*  ton  and  the  liner,  vhich  Is 
usually  given  for  the  cold  diesel  engine,  appears  in  the  formula  for  the 
determination  of  t .  We  must  know  the  thermal  gap  whan  the  diesel 
Is  fu  operation.  Taking  as  an  example,  the  fact  thet  the  lino*  wall 
temperature  rises  by  an  average  of  100r  C  Inc  a  lOOlt  loed,  sod  t he 


tampcrature  c-f  the  piston,  trunk  rises  to  170  C,  wt  find  the  gap  in 
the  heated  state  , 

Tha  diameter  of  the  liner  during  heating  increases  by 

6  n  -  i)  <100  -  20)  a  ,, 

i  c  y  “ 

where  is  the  coefficient  of  the  temperature  expansion  of  the  liner. 

The  diametral  gap  between  the  piston  and  the  liner  will  bo  so 
follows  when  the  diesel  engine  is  in  the  heated  wtutei 

i  ‘  <fx  "  -  ip 

where  <f  is  the  diametral  gap  In  the  cold  statu. 

Table  0  gives  gap  values  for  working  diesel  enginaa. 

Tha  reduced  liner  aassea  are  determined  based  on  formula  «2;-.S  ,  'it,* 

values  of  the  reduced  masses  are  given  in  Table  i  lor  several  rija.«r.l 

engines.  We  next  find  P  ,  t,  end  v,  whose  values  are  given  in  lab".*  t . 

max  . 

The  maximum  deflections  when  acted  on  by  %  statically  applied  1  i.uti 

P  are  determined  on  the  basis  of  conclusions  mad?;  by  Yu.  A.  S*  lrnsnaMy 
max 


[37]. 


*et  "  PaiH/kr«  » 


2 

where  k  -  <a>  M  is  the  reduced  st  iffness  of  tho  liner, 
re  re 

Calculations  ol  A  are  shown  in  Table  9. 
s  t 

To  obtain  the  amplitude  of  acceleration®  oil  cylinder  liner  vibrations, 
let  us  use  the  expression 


A  -  A  K , 
max  at  d 


Jd  “  dynaeicltyj. 


here  A  Is  the  maximum  deflection  of  the  liner  acted  on  by  force 
max 


P  -  V  t/T; 

max 
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A  ■»  A  —  A  It  the  amplitude  of  rhe  vibrations;  end 
max  B  t 

K  -  l  +  T  /IT  T  (T  i>  the  time  during  which  the  normal  forte  rlaes 
d 

•  from  0  to  P  ). 

max 


Table  6.  Table  of  Value*  for  Calculating  the  Thermal 
Cap  Between  Pie ton  and  Liner 
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5  -  rfp  1  n  vtu 
t>  -  J  In  m 
7  -  Ch  H ,5/11 


8  -  C'a  10.5/13 

9  -  Sh  12/1 A 
10  -  Ch  15/18 
U  -  Ci  18/20 
’2  -  Cb  23/30 
13  -  fi  23/30 

IA  -  Kott.,  The  numerator  correspond* 
to  a  cs*t  iron  piston,  Bnd  the 
denominator  --  to  an  aluminum 
piaton  for  Ch  10,)/13  dleeol 
engines . 
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Tabic  7.  Determination  of  the  Reduced  Haases  of 
Liners  in  Several.  Diesel  Engines 


KEY:  1  "  Diesel  engine  modal 

2  -  in  nun 

3  -  ia  l.g/un"^ 

4  -  iri  V.jr/mn"  *  10  ^ 

5  -  in  nan 

6  -  cq  in  mm 

2 

1  -  M  in  kg 'Sou  •  m 
'■  «u 


8  -  Ch  8.5/11 

9  -  Ch  10.5/13 
5.0  -  Ch  17  /1.4 
11  -  Ch  15/18 
17.  -  5h  18/20 

13  -  :h  23/30 

14  -  L  23/30 


The  final  calculated  value  of  the  vibrational  acceleration  of  a 
cylinder  liner  in  diesa!  engines  is  determined  by  the  expression 

wcij  *■  A{2^  )  Hu  [cal  “  calculated]. 

Calculated  and  experimental  values  o£  the  accelerations  for  cylinder 
liner  vibrations  in  aeveral  diasal  engines  are  listed  in  Table  0. 

The  calculated  .uaxitaun.  amplitudes  and  accelerations  of  free  vibrations 
of  cylinder  liner a  acted  on  by  rormal  for on  7  agrees  quite  closely  for 
several  dleseL  engloes  with  the  actually  measured  quantities.  Some 
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-ST  - 


imprecision  in  the  calculated  and  experimental  data  is  due  to  certain 
assumptions  that  we'.e  i.-aot*  lr-  tUa  calculations.  They  include  the 
following: 

1)  In  determining  the  loa.citw/n  dynamic  deflection  it  was  aoGiMied 
that  the  force  P  acting  -»ia  the  pit  ton  agair!3t  the  liner  varies  from  zero 
to  ita  maximum  when  the  piston  1'-  pressed  against  or.e  of  the  aides  of 
the  cylinder  liner,  though  thi'.  rctuai'./  An  not  ah-ays  so;  and 

2)  the  greatest  deflect  tons  of  the  cylinder  liner  from  the  dynamic 
and  static  action  of  Lhe  no/tual  force  i  will,  occur  at  the  location  corre¬ 
sponding  to  the  peiirtlvn  c:  the  piston  wrianpin  axis  for  a  crank  angle  of 
30°,  that  la,  when  tin?  forca  reaches  tha  m-utirum  P  .  However,  in  various 

TAX 

diesel  engines  •■he  aide  fitre  reaches  its  n/cxiamm  for  orur.h  ar.glta  some- 
what  different  from  33° ,  and  the  angle  rfc.uend  u  on  ue.atgn  factor  o. 

Tabic  3,  Calculation  of  V  ,  t,  arxl  v  for  Several  Diesel  iimines 

max. 
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F,;,V  to  Table  il  is  on  the  next  uayc 


KEY:  l  -  biooci  engine  model 
2  ■•  P  in  kr./cra' 


3  -  F  in  c.n 

■  f 

4  ”  P  in  kg 

max 

5  -  tj  in  sec 

6  "■  k  in  kg/sat  •10'' 

7?  -  nig  in  kg/eec 


V  “  (f  In  etc 
9  -  T  in  sec 


10  -  v  in  cm/S’AC 

,1  -  Ch  8.5/11 

12  -  Ch  10. 5/13 

13  -  Oh  12/14 

14  -  Ch  15/18 

15  -  Ch  18/20 
18  -  Ch  23/30 
17  -  D  23/30 


Table  9.  Calculation*  of  hcar/.lc  Deflection  Llne'c 
Whan  <'.cteh  on  by  a  Force 
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[key  to  Table  9  is  on  the  :ie j.l  pc.ge] 
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KEY s  1  -  iJius-sl  nations  model 

* 

2 

3  -  M 


P  In  Vvg 
.  BCX 


*> 


.  in  kg'»stic‘'*K 
red 

4  -  Ab  ,  in  ecu'^  0.0^ 

V  C:  ' 


5 


k  'u  kg- 10" 
red 


f  '  A.  In  /,ua 

?  -  cu  a.3/u 


a  -  Ch  10m3/]3 
9  -  Ch  12/i* 

50  -  Ch  15/1S 

11  -  Ch  lb/20 

12  -  Ch  23/30 

13  -  E  23/30 


Isj  spite  cr  theac  assumptions,  this  ar-bhcd  <*f  calculation  makts 
it  possible  vo  obtain  a  theoretical  estimate  of.  the  vibrational  field 
of  a  cylinder  liner.  Ti-l.-:  estimate,  iv>  turn,  when  combined  with  data  on 
t;ha  e:o:*;*u  of  d<ur.ng*(  as  a  i;.;no.cmn  oi  vibrational  field  intensity, 
enables  va  to  formula ;«  a  fetbocl  for  calculating  cavitation  damage  t . 
cylinder  liners  in  diesel  engines. 

9,.  Values  of  Accelerations  Beyond  Which  Intensive  G«.  citation  Corrosion 
begins 

Ai.aiyji/s  of  daauig.?  caused  by  cavitation  in  diene!  enginos  of  various 
jncvdei;i  operating  i>\  various  climatic  zones  and  different  situations 
ahowad  that  die:, el  engine with  increaaed  vibrational  ’levelr.  are  west 
subject  to  damage,  and  breakdown.  Diesel  engines  with  low  vibrational 
levels  are  lent’  subject  to  erosion  damage.  The  vibrational  level  depend* 
noX  ly  on  the  ca* ign  execution  oi  the  diesel  engine ,  but  also  on  Che 
oj-'ar.iclng  regime.  The  poorest  condition  a  invo’ve  operating  in  idle. 
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Table  10.  Calculated  Amplitudes  and  Accelerations  of  Liner 

Vibrations  in  Diesel  Engines  and  Theit  Experimental 

Values 
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6  -  Ch  15/13 

7  -  Ch  18/20 

8  -  Ch  23/30 

9  -  D  23/30 

10  -  Calculated  values 

11  -  Experimental  values 


with  low  cooling  temperatures,  and  with  frequent  load  changes.  Therefore, 
under  otherwise  equal  conditions  diesel  engines  operating  in  these 

A  A  I  -  -  ■  A  «  t  A  I  A.  a  A  V  A  ^  A«h  A  A  A  J  \a  A  A  A  A  BaJ  Aa  a  4a  J  am  a  A  AA  It..  A— 

A  G£*.I"T. Wgiu  w  WC  uema^cv*  *J y  wsyiiauivu  caiiicL« 

As  an  example,  Figure  21  a,  b,  and  c  present  photograph*  of 
cylinder  liners  ef  a  diesel  engine  after  1000  hours  of  operation  with 
various  vibrational  characteristics.,. 

F'gure  21a  shows  the  cylinder  liner  with  Initial  stages  of  damage 
at  a  surface  in  the  connecting  rod  rocking  plane.  The  depth  of  the 

cavitation  pits  over  a  small  area  is  0.2  -  0.3  mm.  Specific  damage  areas 

«■» 

amount  to  0.05  g/cmc .  The  thickness  of  the  liner  wall  is  7  mo.  The 

thermal  gap  between  the  piston  and  the  liner  is  0.32  mm. 

The  cylinder  liner  in  Figure  21b  also  served  In  a  diesel  engine  for 

1000  hours  with  30  g  vibra  '  >s .  The  pit  depth  is  1.6  mm.  The  area  of 

damage  is  much  greater  than  in  the  liner  that  had  operated  with  25  g 

2 

vibration.  Specific  damage  amounts  to  0.45  g/cw  and  the  liner  wall 
thickness  is  6.5  mm.  The  thermal  gap  is  0.45  ma. 
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Much  greater  d«wp,e  is  obtained  for  a  cylinder  liner  of  a  diesel 
operating,  for  1000  hours  with  40  ;/  vibration,  (Figure.  21c)  .  Thi 
damage  extended  t  o  a  greater  area  along  the  height  of  the  liner.  The 
pit  depth  was  2.5-3  usn.  The  specific  damage  was  0.93  g/cra  . 

These  results  graphically  chow  the  intensified  damage  for  the  sao^ 
operating  time  when  there  are  different  levels  of  cylinder  liner  vibration 
in  a  di*?sel  engine. 

it  was  experimentally  established  that  up  to  IB  -  20  g  acceleration!! 
or  vibrational  motion  of  cylinder  liners  procesres  of  erosion  damage 
occur  slowly  and  do  not  cause  dangers  with  respect  to  damage,  since  the 
erosion  damage  time  is  longer  than  the  cylinder  wear  time.  Under  these 
conditions  a  cylinder  liner  can  serve  for  :>0UU  -  C>0U0  hours.  If  the 
accelerations  of  the  liner  vibrations  exceed  20  g,  the  processes  occur 
more  intensively.  At  accelerations  of  35  -  40  g,  marred  damage  begins 
already  after  300  -  400  hours  of  op ovation,  ard  in  2300  -  2500  hours 
of  operation  the  liner  must  be  replaced  because  of  erosion  damage  tc 
the  maximum  allowable  values. 

Thus,  experimental  data  on  the  accelerations  of  vibrations  beyond 
which  corrosion  damage  processes  begin  to  be  intensified  agree  with 
theoretical  data. 

It  must  be  considered  that  vinder  otherwise  equal  conditions,  a  20  g 
acceleration  Is  the  critical  acceleration  of  vibrations. 

Figure  22  presents  generalized  data  on  the  damage  to  the  surfaces  cf 
liners  swept  by  water,  as  a  function  of  the  operating  time  and  the  vibra¬ 
tional  level,  enabling  us  to  make  an  estimate  of  how  much  time  for  a 
given  vibrational  regime  will  elapse  before  damage  of  the  extent  we  are 
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interested  in  will  appear.  Several  factors  affecting  the  cavitation 
damage  to  svirfaces  were  constant  for  the  experimental  points  of  the 
curves.  The  flow  rate  of  the  water  was  0.5  m/sec.  The  water  temperature 
was  40°  C.  The  surface  finish  was  ^73. 


A 


Figure  22.  Weight  Losses  Ag  of  Samples 

of  Materials  (1)  When  Tested  or. 

Magnetostri cti ve  Vibrators,  and 

Samples  of  Liners  (2)  in  Spent 
Diesel  Engines  as  a  Function 
of  the  Acce-Irration  of  Vibration 
W  and  the  Operating  Time 
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CHAPTER  THREE 

METHODS  CF  INVESTIGATING  CAVITATION  DAMAOi 


10.  Modern  Methods  of  Investigating  the  Resistance  of  Specimens  of 
Various  Materials  When  They  Ucur^tgo  Cavitation  Damage 
Taa  complexity  of  processes  occurring  in  actual  conditions  when 

propellers,  v-rrlojs  kinds  of  hydraulic  machines  and  devices,  as  well  as 

<■>■! 


parts  of  diesels  undergo  cavitation  damage  hampers  studies  to  find  the 
effect  particular  factors  have  on  the  intensity  of  cavitation  erosion 
and  to  find  effective  ways  of  controlling  cavitation  damage.  In  several 
cases  pits  on  parts  subjected  to  cavitat  ion  erosion  appear  after  a. 

* 

relatively  long  operating  time  for  the  machine  or  mechanism.  In  these 
conditions  studies  on  the  phenomena  occurring  in  cavitation  erosion  become 
very  lengthy.  Therefore  several  methods  of  accelerated  investigation 
using  various  kinds  of  simulating  stands  were  aeveloped. 

Methods  of  evaluating  the  cavitation  resistance  of  materials  include 
the  following:  the  impact  of  a  jet  against  rotating  and  fixed  specimens; 
tests  of  the  erosion  resistance  of  materials  in  conditions  of  hydrodynamic 
cavitation  at  the  specimen  surface;  study  of  the  erosion  resistance  of 
materials  for  fixed  specimens  with  circular  vibratory  exciters;  and  study 
of  cavitation  erosion  with  magnetostrictive  vibrators. 

Impact  of  ^ela  against  a  rotating  specimen.  The  sample  is  secured 
on  the  periphery  of  a  rotating  disc  ana  ir>  each  revolution  intersects  a 
Jet  of  water  or  wet  steam  perpendicular  to  the  plane  of  the  disk, 

(Figure  23) . 

A  device  of  this  kind  ic  called  an  impact  stand.  Tests  are  conducted 
on  it  for  different  tip  speeds  of  specimen  revolution  and  for  water  jet 
diameters  of  5  -  10  ram.  In  the  papers  00,  38^  the  tests  were  conducted 
at  a  tip  velocity  of  78  n/sec.  Increasing  the  tip  velocity  to  225  m/sec 
led  to  a  significant  acceleration  of  the  daarage  process.  It  has  been 
reported  that  at  the  presen':  time  tests  are  conducteo  at  tip  velocities 
up  to  600  ra/sec.  These  devices  are  most  advantageous  in  studying  erosion 
in  steam  and  g&w  turbines  ujnee  the  conditions  for  specimen  damage  in 


them  ure  analogous  to  damage  to  turbine  blades.  Tnese 

devices  Are  unsuitable  for  Investigations  dealing  with  diesel  engine  parts 
since  the  prooeas  of  cavitation  damage  In  this  case  is  not  simulated  with 
these  devices. 

I'n.ict  of  jet  against  n  fixed  specimen.  This  method  Is  analogous 
t_c  the  preceding  technique  in  terms  of  the  conditions  of  specimen  damage 
and  in  most  suitable  for  simulating  damage  to  turbine  blades.  The  study 
[36]  presen  ts  resuLts  of  testa  made  at  jet  velocities  up  to  600  m/scc, 
and  the  paper  £33]  presents  the  results  of  tcstB  made  at  velocities  up 
to  1030  tn/eec,  which  led  to  intensifying  the  damage  process.  The  device 
Is  ahown  schematically  in  Figure  24.  This  stand  cannot  be  used  to 
simulate  damage  processes  in  diesel  engines  since  the  kinetics  of  the 
procoss  do  not  take  account  of  the  specific  details  of  damage  caused  by 
cavitation  In  diesel  eijgincc. 
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Figure  23.  Stand  with  Rotating  Specimens: 

1  «  Specimen  2  -  Nozzle  3  -  Water  Jet 

Tests  of  the  erosion  resistance  of  materials  in  conditions  of  hydro- 
dynamic  cavitation  at  the  surface  of  a  specimen.  Cavitation  tubing  and 


nozzles  arc  usied  for  this  purpose.  Figure  25  shows  one  of  the  possible 


designs  described  in  the  studies 
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Figure  24.  Stand  With  Fixed  iipeclrnen 
1  -  Specimen  2  -  Nozzle  3  -  Water  inflow 

The  sharp  decrease  In  the  flow-through  cross  section  In  the  nozzle 
causes  a  rise  in  the  flow  rate  and  a.  drop  in  the  pressure  in  the  flow 
down  -o  a  value  leading  to  cavitation.  The  test  specimen  2  Is  mounted 
in  the  diverging  section  of  the  nozzle  where  the  pressure  in  the  flow  ic 
increased  and  cavitation  bubbles  collapse.  When  this  method  is  used,  the 
process  of  cavitation  erosion  caused  by  hydrodynamic  cavitation  phenomena 
Is  simulated.  A  disadvantage  of  this  method  is  that  ndie  time  required  to 
test  each  of  the  specimens  proves  to  be  relatively  long. 

Investigation  of  erosion  resists  <cr  of  materials  with  fixed  specimens 
using  o  circular  vibratory  cxcltor.  The  stand  (Figure  26)  consists  of  a 
cylindrical  beaker  filled  with  water,  with  a  barium  titanide  ring.  When 
an  alternating  electrical  field  is  applied  to  the  surface  of  the  ring, 
the  volume  of  the  ring  changes  in  proportion  to  the  frequency  of  the 

<j7 


field  vibrations.  Standing  waves  are  formed  in  the  liquid,  which 
yield  a  greater  amplitude  of  vibrations  and  greater  pressures  close  to 
the  plate  at  \?hic.h  the  specimens  arc  secured.  Cavitation  develops  in 
the  liquid,  and  the  speci'njn  is  subjected  to  cavitation  erosion.  This 
is  a  relatively  newly  developed  ...etliod  [50,  5l] ;  its  use  makes  it  possible 
to  reproduce  the  erosion  of  a  specimen  that  represents  a  fixed  barrier  in 
a  hydro-aeon*. tic  field.  The  condition*  for  specimen  failure  with  thiG 
teat  method  approach  the  actual  conditions  in  the  cavitation  erosion  of 
cylinder  liners  if  they  are  regarded  as  «,  fixed  barrier.  By  this 
method  rapid  tests  can  be  made  in  fro"  severaL  minutes  :o  2-3  hours. 
However,  the  device  is  cumbersome  and  inconvenient  for  testing  e  large 
number  of  specimens. 


figure  25,  Scheme  of  Cavitation  Nozzlo: 

1  -  Set  screw  2  -  Cavitation  zone  3  -  Throttle  4  -  Specimen 
KEY:  A  -  Flow  direction 

Investigation  of  cavitation  erosion  on  mnKnetostrictlve  vibrators. 
Essentially,  this  method  consista  in  securing  the  teat  specimen  on  the 
•nd  of.  a  nickel  tuba  (or  concentrator),  itaneraed  in  the  working  liquid, 
where  the  nickel  tube  executes  Longitudinal  vibrations  at  fi t  uencle* 
from  5000-25,000  Ha  and  higher  with  different  amplitudes  (figure  27). 
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The  vibrations  of  the  rod  or  concentrator  occur  under  the  action  of  a 
variable  Magnetic  field  produced  by  the  excitation  winding.  The  testa  of 
the  cavitation  erosion  of  materials  with  oagnetostrictive  vibrators  (MSV) 
are  of  interc't  due  to  their  identity  of  the  processes  with  those 
occurring  for  cyLir.der  liners  of  diesel  ecgir.es,  and  also  owing  to  the 
rapidity  and  possibility  of  conducting  tests  with  variations  made  in  para 
meters  such  as  temperature,  viscosity,  and  flow  rate  of  the  medium.  Use 
of  these  instruments  makes  it  possible  alto  to  conduct  investigations  at 
various  accelerations,  amplitudes,  velocities,  and  frequencies  of 
vibrations,  that  is,  for  different  valucj  of  the  number  S  **  vf/g,  and 
variations  in  several  other  parameters. 

i:  -i 
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Figure  26.  Scheme  of  Device  With 
Circular  Excitor: 

1  -  Beaker  2  -  BaTiO^  ring  •*  3  -  Plate  4  -  Specimen 

The  specimen  test  time  is  limited  to  minutes  or  hours,  and  the 
erosion  damage  to  material  is  estimated  from  the  difference  in  the  weight 
before  the  experiment  and  the  weight  after  Che  experiment,  and  &lso  based 
on  the  depth  of  cavitation  pits.  A  small  amount  of  water  and  low  power 
levels  not  exceeding  2.3-4  kw  are  required  for  the  tests.  This  method 
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is  described  in  a  number  of  sources  ^30,  35^  .  Tnis  apparatus  with 
various  ranges  of  excitation  frequencies  was  used  b/  the  authorc  for 
rapid  Investigations  of  the  cavitation  eroBions  suffered  by  materials  of 
cylinder  liners  and  blocks  in  diesel  engines. 
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Figure  27.  Scheme  of  Kagnetostrictive 
Vibrator  (MSV) : 

1  -  Vibrating  specimen  2  -  KSV  3  -  Water  4  -  Fixed  specimen 

from  a  brief  description  of  the  various  methods  of  rapid  laboratory 
tests  it  follows  that  in  the  first  two  cavitation  erosion  occurs  directly 
due  to  the  impact  of  a  jet  or  droplets  into  which  the  jet  breaks  up.  This 
quite  precisely  simulates  the  damage  to  blades  of  steam  and  gas  turbines 
and  does  not  correspond  to  damage  conditions "in  diesel  engines.  Thus, 
these  two  methods  are  unsuitable  in  investigating  cavitation  erosion  in 
diesel  engines. 

The  next  three  methods  each  simulates  the  individual  processes 
occurring  in  the  cavitation  damage  in  diesel  engines  in  their  own 
individual  ways.  However,  the  last  method  (the  method  of  investigation 
based  on  MSV)  makes  it  possible  to  study  the  process  with  the  greatest 
approximation  to  the  damage  conditions  in  diesel  engines  as  various  para¬ 
meters  are  varied,  with  the  minimum  outlay  of  time.  Therefore  in  addition 
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to  full-size  tests,  it  has  found  the  greatest  application  in  research. 

The  question  arises  as  to  whether  it  is  possible  to  compare  the 
results  of  testing  the  resistance  of  materials  obtained  on  the  various 
stands.  Several  investigators  have  made  comparisons  of  this  kind.  For 
example,  De  Haller,  and  later  Houtson  [49],  after  comparing  damage  to 
a  sizeable  number  of  various  metals  on  the  impact  stand  and  in  the  cavi¬ 
tation  tubing,  concluded  that  when  tested  by  both  methods  materials  are 
ranked  in  the  same  order  in  terms  of  erosion  resistance.  S.  A.  Keller 
reached  similar  conclusions  based  on  results  of  tests  made  with  the  Jet 
technique  and  with  the  magnetostrictive  vibrator. 

L.  A.  Glikman  [lCfjhas  reported  on  the  analogy  of  the  comparison  of 
test  results  with  the  TiS V  and  with  the  impact  stand  for  specimens  of 
various  steels,  cast  irons,  brasses,  and  bronzes.  However,  it  must  be 
noted  that  when  cavitation  erosion  occurs,  in  several  cases,  mechanical 
(playing  the  fundamental  role)  as  well  as  electrochemical  factors  parti¬ 
cipate  in  metal  damage;  the  electrochemical  factors  evidently  do  not  occur 
when  specimens  are  tested  for  erosion  resistance  on  the  jet  impact  stands. 
Therefore  it  must  be  noted  that  when  comparative  ti sts  are  conducted 
carefully  (in  various  conditions  and  media)  using  devices  that  differ, 
such  as  those  described  earlier,  a  difference  can  be  detected  in  the 
nature  and  intensity  of  damage  to  the  test  specimens. 

Mechanical  factors  are  paramount  in  specimen  damage.  Therefore  in 
making  a  comparison  of  the  results  of  tests  made  with  the  various  methods, 
the  authors  obtained  the  identical  sequence  of  the  ranking  of  test 
materials  by  corrosion  resistance.  In  all  cases. 
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In  estimating  resistance  to  cavitation  erosion  for  a  particular 
material,  one  mist  also  take  account  of  the  intensity  of  cavitation 
processes.  Material  th\t  is  resistant  to  erosion  at  a  certain  level 
of  c-vitaticn  intensity  can  p^ove  not  to  be  resistant  when  the  intensity 
is  increased. 

In  the  study  £35]  it  was  shown  that  the  degree  of  damage  to  a 
specimen  secured  to  a  concentrator  rises  with  increase  in  the  vibrational 
accelerations  produced  with  different  amplitudes  and  frequencies.  However, 
there  are  certain  threshold  accelerations  and  amplitudes  up  to  which 
specimen  damage  is  not  observed. 

The  presence  of  threshold  amplitudes  is  accounted  for  by  the  fact 
that  even  for  high  levels  of  accelerations  of  the  vibrational  process  in 
the  liquid  and  at  very  low  amplitudes,  the  tensile  stresses  required  tc 
form  cavitation  bubbles  are  not  induced.  This  becomes  especially  sensitive 
when  the  damage  to  a  fixed  specimen  placed  in  a  liquid  at  some  distance 
from  a  vibrating  specimen  secured  c  t  MSV  is  investigated.  This  specimen, 
acting  as  a  shield,  simulates  the  wall  of  a  cylinder  block.  Here  it  waa 
concluded  that  the  intensity  of  damage  to  the  fixed  specimen  increases  with 
the  velocity  of  the  vibrational  process.  In  studies  made  of  the  resistance 
of  materials  and  different  coatings  using  the  MSV,  comparable  (qualitatively 
and  quantitatively)  results  can  be  most  clearly  obtained. 

11.  MSV  for  Cavitation  Damage  Teats 

The  vibrational  spectra  of  diesel  engine  parts  subjected  to  cavitation 
damage  lie  in  the  broad  range  of  frequencies  from  b  to  10,000  Hz.  The 


10? 


most,  intense  tonal  components  of  the  vibration  exceeding  the  critical 
accelerations  as  a  rule  lie  in  a  narrower  frequency  range  from  800  to 
8000  Hz,  and  £o r  certain  diesel  engines  they  are  situ  ted  in  various 
spectral  regions,  related  to  the  design  and  dynamic  parameters  of  each 
specific  diorol  engine.  Therefore,  in  rapid  tests  made  of  samples  oi 
natx-rialr  or  coatings,  it  becomes  necessary  to  conduct  the  tests  in 
different  frequency  spectrum  ranges,  including  the  higher  region  of 
vibrations  than  is  emitted  by  the  diesel  engine,  that  1b,  with  different 
US  V, 

Vibrations  of  a  test  material  specimen  on  the  HSV  are  produced  due 
to  the  magnetostriction  effect.  This  effect  consists  of  elongation  and 
compression  strains  being  induced  in  a  rod  of  a  ferromagnetic 
material  placed  in  a  variable  magnetic  field  oriented  along  the  rod. 

The  strains  as  functions  of  the  magnetic  field  have  been  studied  and 
discussed  in  close  detail  in  the  literature.  The  magnetostriction  effect 
depends  on  temperature.  It  decrees  e  with  increase  in  temperature,  so 
the  KSV^tacKs  are  water -coo Led . 

The  amplitudes  of  MSV  vibrations  when  it  is  excited  at  the  funda- 
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mental  frequency  are  of  the  order  of  10  lfi  (1#  is  the  length  of  the 
stack).  The  highest  frequency  at  which  relatively  intense  vibrations 
can  still  be  excited  is  60  kHz. 

In  building  the  MSV,  only  those  materials  that  in  addition  to  a 
well-pronounced  magr.etostrictive  effect,  also  have  high  mechanical  strength 
can  be  used.  Pure  nickel  has  proven  itself  particularly  excellent  as  well 
as  the  alloy  Permendur,  consisting  of  2%  vanadium,  497,  iron  and  49%  robt.it. 


A  sheet  made  of  Permendur  alloy  la  the  most  suitable  in  fabricating 
MSV  for  practical  use  In  the  laboratory.  The  MSV  consists  of  a  stack  (rod) 
fabricated  of  .Pcrmendur ,  an  electrical  winding  of  a  conductor  In  a  moisture- 
resistant  braid  tog,  and  a  concentrator.  The  concentrator  is  needed  to 
increase  the  amplitude  of  the  vibrations  of  the  MSV  face,  since  the 
amplitude  of  the  stack  vibrationn  is  negligible  and  does  not  exceed 
5-20  ^  . 

When  testing  specimens  of  materials  used  for  diesel  engine  parts, 

MSV  of  any  frequency  range  can  be  built.  MSV  for  5,  iO  and  20  kHz  and 
Several  vibrators  at  intermediate  frequencies  have  found  the  greatest  use. 

The  overall  dimensions  of  a  MSV  depend  on  the  frequency  of  its 
vibrations.  Thus,  a  5  kHz  MSV  has  a  380  mm  long  stack  and  a  570  mm  long 
concentrator.  A  10  kHz  MSV  has  a  150  ma  long  stack  and  a  200  mm  long 
concentrator,  while  a  20  kHz  MSV  has  a  120  nan  long  3tack  and  a  130  mm 
long  concentrator. 

The  specimen  of  material  to  be  subjected  to  failure  at  the  threading 
can  be  mounted  in  the  concentrator  and  Immersed  in  water.  In  this  case 
the  conditions  of  damage  to  Che  vibrating  surface  are  simulated. 

A  specimen  clamped  under  the  concentrator  simulates  the  conditions 
of  damage  at  a  fixed  a  ''face. 

MSV  designed  for  5-20  kHz  encompass  the  entire  range  of  vibrational 
spectra  of  diesel  engine  parts  subjected  to  damage  and  with  them  conditions 
of  damage  observed  in  diesel  engines  car.  be  reproduced. 

Each  MSV  has  its  own  amplitude  characteristics,  which  is  determined 
with  optical  Instruments  for  MSV  designed  for  up  to  8  kHz.  The  frequency 
of  vibrations  is  recorded  with  an  audio  generator,  and  the  amplitude  -- 


104 


with  a  microscope,  from  rho  size  of  the  blur  of  a  calibration  mark  made 
with  n  diamond  cutter  on  the  lateral  surface  of  the  concentrator  end. 

The  ar.ipli tilde- frequency  characteristic  of  HSV  desigred  for  above 
8  kHz  is  measured  v;ith  a  vibro-measur inp  device.  To  record  character'd stice 
of  MSV  up  to  10  iulz ,  A-3  vibrotransducera  are  suitable.  Transducers  built 
by  the  Bruel  and  Kjer  Danish  company  are  used  in  the  higher  frequency 
range . 


Figure  28,  Amp] itude- frequency  Characteristic 
of  a  ' kHz  MSV 


KEY:  A  -  kHz 

Figure  28  shows  the  aoplitude- frequency  characteristic  of  a  19  kHz 
MSV.  The  maximum  amplitude  of  the  vibrations  for  this  MSV  is  at  tbu 
frequency  19  kHz.  However,  tests  with  this  vibrator,  as  with  --ny  other, 
can  be  conducted  over  a  broader  frequency  range. 

When  conducting  tests  at  a  frequency  differing  from  the  resonance 
value,  the  test  time  Is  Increased  since  the  amplitude  of  the  vibrations  and 
the  vibratory  acceleration  drop  off. 

Specimens  of  the  test  materials  are  placed  in  special  baths  in  which 
the  temperature  of  the  medium  and  the  pressure  are  measured  in  MSV  tests, 

105. 


A  Btudy  of  dc.m.ige  cmi  be  carried  out  either  on  the  vibrating 
specimen  or  elre  on  a  fixed  opecimen  placed  under  the  concentrator  of 
MSV„ 

12.  Calculation  of  MSV  Omn  orient  a  Mecussnry for  Experiments 

A  l!SV,  by  transmitting  elastic  mechanical  vibrations  of  acoustic 
or  ultrasonic  frequency  (from  the  location  of  their  generator)  to  the 
point  of  application  (specimen  undergoing  damage)  is  the  main  compone  it 
of  the  device.  The  calculation  of  oscillatory  system  components  Is  n  »de 
based  on  the  methods  outlined  in  the  study  [4J.  As  a  result  of  cal¬ 
culation  for  a  MSV  with  a  specified  vibration  frequency,  the  amplitude 
of  the  stack  vibrations  is  determined,  along  with  stack  cross  sectio*  . 
number  of  turns  and  the  cross  section  of  the  turns  of  the  excitation 
winding.  However,  wa  know  that  to  obtain  an  amplitude  of  stack  vibrations 
greate  ■  than  20 ^  m  is  not  possible  for  appropriate  stack  dimensiom  . 
Increasing  the  amplitude  of  the  vibrations  at  a  given  frequency  can  be 
achieved  by  using  transformers  of  the  longitudinal  elastic  vibrations. 
Sometimes  they  are  called  vibration  concentrators.  Their  function  is  to 
increase  the  amplitude  of  the  vibrations  to  the  required  value,  exceeding 
the  amplitude  of  the  vibrations  of  the  end  of  the  MSV  stack  by  several 
times.  Increasing  the  amplitude  of  vibrations  at  ^  given  frequency  leads 
to  an  increase  in  the  vibration  accelerations  and  to  higher  intensity  of 
the  damage  of  the  test  specimens. 

The  increase  in  the  amplitude  at  the  end  of  the  concentrator  is 
characterized  by  the  transformation  factor  N,  This  factor  is  determined  by 


the  ratio  of  the  diameters  (for  the  ease  of  a  cylindrical  concentrator) 

of  the  input  f.ce  <! 1  ,  which  la  large  in  cross  section,  connected  to 

•  0 

the  i'uV  stack,  t<>  the  output  face  d'^,  which  bears  directly  the  material 
specimen  undergoing  damage, 


The  gain  factor  increases  linearly,  for  an  exponential  cnnci ntrator , 
with  lucre-iwe  in  the  ratio  of  the  Input  to  the  output  dimensions.  The 
exponential  concentrator  is  calculated  in  the  following  lequence.  The 
tranr  1  ion  factor  is  deLertmined  from  Lhe  assigi-.id  diameter*  d*  and 

d'^.  Thus,  for  the  concentrated  use  In  a  20  hKz  MSV  bearing  a  stack 

2 

with  an  80  x  80  mm  cross  section  and  for  a  30  nan  haneter  damage  specimen, 
N  is  80/30  -  2.t>6. 

Siiicu  on  K,  one  determine*  the  i  erwh  ot  the  concentrator  using  the 
following  formula 

Yv  t  :  ' 


where  c  is  the  speed  of  sound  in  the  metal,  which  is  5.1*10^  cm/sec;  end 
f  is  the  resonance  frequency  of  the  M5V  stack. 

The  length  of  a  concentrator  In  e  20  kHz  MSV,  for  a  30  mm  diameter 
specimen,  la  13.3  cm. 

The  following  formula  is  used  to  calculate  the  exponent  of  the 
concentrator; 


d' 
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where  d'  is  the  diameter  of  the  concentrator  In  the  cross  section 
x 


I 

i 


t,  ■ 


calculated  bv  length;  A  ■»  Ln  M/1  . 

'  con 

In  the  calculation  we  uist  divide  the  length  of  thd  concentrator 
Into  n  sections  (toe  Figure  30)  and  find  for  each  section  along  the  con¬ 
centrator  len-th  the  value  of  d1  .  The  concentrator  of  a  20  kHz  MSV.is 

X 

divided  into  13  sections  in  the  calculations.  Thus,  x  varies  ln  the 
ca  lcv.l  n  c  ions  from  1  to  13. 

When  a  concentrator  is  in  operation,  heat  is  released  due  to 
mechanical  strains  and  the  concentrator  temperature  fines.  With  increase 
in  temperature,  the  vibration  amplitude  becomes  smaller  and  the  concen¬ 
trator  efficiency  suffers.  To  eliminate  thl  e  phenomenon,  some  of  the 
concentrator  together  with  the  MbV  stack  1b  water-cooled. 

Tne  lower  face  of  the  cooling  jacket  is  connected  to  the  concen¬ 
trator  with  soldering  and  welling  and  must  necessarily  lie  in  the  node  of 
the  concentrator  vibrations.  Figure  29  shown  the  lower  sleeve  A  of  the 
cooling  jacket  made  ar  one  piece  with  the  concentrator.  The  node  of  the 
vibrations  for  this  concentrator  lies  <  *,5  m  *ruffl  the  f&ce  of 

tha  stack. 

I 


J 

Figure  29.  Concentrator  for  tha  Stack  of 
a  20  kHr  Mil  V 
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Using  concentrators  for  any  MSV  stacks  make*  it  possible  to 
increase  by  two  -  five  times  the  vibration  amplitude,  and  to  equally 
increase  the  vibration  ac<;«ler ution  and  .significantly  intensify  the 
damage  isnr.e  to  specimens  of  Materials  and  coatings  in  ;>cceleratcd  teats 
•jofng  the  MSV. 

13.  Determination  by  Calculation  and  Experimental  Means  uf  the 
Free- Vi  brat  Ion  Frequencies  of  Teat  Specimens  and  Vibration 
Amplitudes  with  MSV 

To  conduct  tests  with  the  MSV,  the  weight  and  overall  dimenoiona 
of  specimens  must  be  selected  bo  that  t.\e  f.djuatment  frequency  of  the 
MSV  stack  and  its  concentrator  do  not  change  abruptly. 

In  practice  it  proves  sufficient  if  the  specimen  diaracte'  does  not. 
exceed  30-3b  mm  for  a  plate  thickness  of  up.  to  A  mm.  Usuully  round 
specimens  30  uia  in  diainoter  and  3  tno" thick  ore  used.  Other  specimen 
dimensions  can  aliio  be  used,  but  to  estimate  the  intensity  of  specimen 
failure  one  must  record  the  amplitude-frequency  characteristic  of  the 
MSV  together  with  the  test  specimen.  Tt  is  desirable  that  the  MSV- 
8 pec  linen  system  be  selected  so  that  the  amplitude  of  the  vibrations  at 
the  concentrator  face  with  the  specimen  mounted  on  it  is  not  reduced. 

Thin  necessitates  determining  the  free-vibration  frequency  of  the  test 
specimen  and  comparing  it  with  the  adjustment  frequency  of  the  MSV,  which 
is  achieved  by  the  appropriate  selection  of  specimen  dimensions.  Th 
test  specimen  Is  a  round  plate  bearing  a  threaded  stem  for  mounting  on 
the  concentrator.  From  the  paper  [^Id]  we  have  an  express  ion  for. 
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calculating  the  tree-vibration  frequency  of  a  plate  with  this  kind  of 
emplacement. 

A  round  Pi  ate  of  radius  il  with  mass  per  unit  area  p  ^  has  the  following 
£ree-vibr<.  cion  frequency: 


where  a*  ie  the  coefficient  that  allows  for  the  method  of  securing 
Lhe  plate; 

X  ”  '  'i  is  t-l'e  flexural  stiffness  of  the  plate  (E  »  2.1* 

10^  kg/ctn^  is  the  Young's  modulus  for  steel,  E  «*  1.2*10^ 
kg/ctn*-  is  the  Young's  modulus  for  cast  iron,  and  for 
aluminum,  E  -  0.7 ‘106  kg/err.^); 

O  0.3  ,  Foisuou's  ratio  for  steel,  a  »  0.23  for  cast  iron, 
and  for  aluminum,  o  *  0.34;  h  is  the  plate  thickness);  and 
■Yh/g  (here  Y  is  the  specific  weight  of  the  material,  g  is 
the  acceleration  due  to  gravity). 

The  coefficient  &'  has  various  values,  depending  on  the  methods  of 
mounting  anci  the  types  of  vibrations.  When  mounted  in  the  center  with  the 
edges  free  and  when  the  form  of  the  vibrations  is  umbrella-shaped,  a'  « 

3.75.  When  mounted  in  the  center  with  three  edges  and  with  the  vibrations 
in  the  form  of  two  perpendicular  nodal  diameters,  a'  *  5.25.  When  a 
specimen  is  mounted  in  the  center  with  its  edges  free  and  when  the  vibrations 
are  in  the  form  of  a  unimode L  circle,  a'  ■  9.07. 

The  free-vibration  frequencies  of  specimens  30  mm  in  diameter  and  3  mm 
in  thickness,  made  of  various  materials,  when  a'  ■  3.75,  are  as  follows: 


v Frequency  of  Vibrations 


Specimen  Material 

of  the  First  Form  in  Hz 

Steel 

12,700 

Aluminum 

12,500 

Cast  Iron 

9,550 

• 

In  practice,  the  value  of  o'  Is  selected  in  each  specific  cas.  in 
relation  to  the  kind  of  mounting.  The  effect  of  specimen  mounting  is 
checked  on  calibration  or  magnetostriction  stands. 

To  estimate  the  error  of  calculating  the  free-vibrat ion  frequencies 
of  specimens  of  different  sizes,  experiments  tan  be  conducted  to  determine 
them  experimentally  cn  vibratory  audio-* frequency  range  calibration  stands, 
A  VK-ID  model  stand,  which  has  a  working  frequency  range  of  50-15,000  Hz, 
can  be  recommended, 

hine  quartz  sand  is  used  for  the  visual  rietero.ination  of  the  instant 
of  resonance-onset ,  and  the  resonance  frequency  is  recorded  with  an  audio¬ 
genera  or. 

The  experimental  verification  of  the  free-vibration  frequencies  of 
specimens  ehows  that  the  error  in  their  calculated  determination  does  not 
exceed  5 %, 

Since  studies  on  cavitation  damage  of  specimens  can  be  conducted 
with  various  MSV,  with  resonance  frequencies  of  5000,  10,000,  12,000, 
19,000,  and  20,000  Hz,  and  therefore,  with  various  vibration  amplitudes, 
one  must  find  the  amplitudes  of  specimen  vibrations  for  each  MSV.  They 
are  determined  in  the  frequency  range  to  10,000  Hz  by  an  acoustic  method 
using  instruments  of  the  type  IVPSh,  PIU,  and  so  on,  and  in  the  higher 


111 


'./ir  ■ 


froquency  range  —  by  an  optical  technique  using  special  microscopes. 

Hie  amplitude  characteristics  of  stacks  are  recorded  as  a  function  of 
the  output  indicators  of  the  amplifiers  to  determine  the  vibration 
amplitudes  by  tho  optical  method. 

14.  Results  of  Testing  Specimens  of  Various  Materials  for  Cavitation 

Damage 

MSV  are  videly  used  by  various  authors  to  determine  the  effect  of 
numerous  factors  on  cavitation  damage  in  vibrating  and  fixed  specimens. 
Properties  of  the  material,  effect  of  the  medium,  vibration  characteristics, 
and  other  parameters  on  cavi Satina  damaj.ec  are  studied.  Since  the  MSV 
used  for  these  purposes  produce  si£n;il'l:.>nbly  more  intense  vibrational 
fields  than  the  vibrational,  fields  of  dieif-.’.l  engines,  the  damage  processes 
of  the  test  anpni-.uiMV?  take  place  very  rapidly.  L’j:. actable  damage  sufficient 
to  estimate  their  extent  begins  even  in  0.1-3  hourc k  ns  an  example,  in 
Figures  30-32  are  shown  photographs  of  specimens  of  sow  materials  used  in 
diesel  engine  construction  after  sat  era!  hour*  of  teutf'  tg.  Damage  pits 
can  be  clearly  seen  on  the  specimens,  as  deep  as  1,7  ran*  The  area  of 
Che  surface  of  a  specimen  subjected  te-  damage  depones,  on  the  experimental 
conditions  and  the  method  of  mounting  the  specimen.  For  all  materials 
without  exception,  the  ev.tont  of  damage  increases  in  jn  s portion  to  the 
test  time  and  vibration  not*, leration.  The  extent  of  damage  is  affected  by 
the  hardneBS  and  si.lcrovd.ru>:. tyre  of  the  material,  surface  finish,  temperature 
of  the  medium,  viscosity,  ft.vs  content  of  the  liquid,  and  its  impurity 
content,  electroconductivity  o,f  the  liquid,  and  other  l'.uctyrs .  A  hyper¬ 
bolic  function  is  observed  W,  twiveu  thu  exteru  of  <i*m».j..e  to  a  upecimen 


(weight  loss)  and  the  teat  time  (Figure  33).  The  weight  loss  of  a 
materia  specimen  is  characterized  by  the  following  function 

'  ‘  Aox  »  a'  A  GQSPl  (tx/t0)k  ,  C.-'7) 

where  a'  is  a  coefficient  that  depends  on  the  specimen  material; 

is  the  weight  loss  taken  as  the  zero  threshold  (0.1  mg); 

**  W^/g  is  a  dimensionless  coefficient  characterizing  vibration 

acceleration  (W  is  the  acceleration  of  vibrations  of  the 
P 

concentrator  face); 
tx  is  the  specimen  test  time; 

tg  is  the  time  taken  as  the  zero  threshold  (1  min);  and 
n  and  k  are  exponents. 


i 

) 

Figure  30.  Specimen  of  AK  4  Material  After 

9  Hours  of  Testing  on  a  MSV  (Weight 
Loss  50  mg,  Initial  Weight  7.79  g. 

Final  Weight  7.74  g) 

Tests  made  on  various  construction  materials  used  in  diesel  engine 
building  for  cylinder  liners  and  cylinder  blocks,  using  MSV,  showed  that 
the  greatest  weight  losses  In  the  same  test  time  for  the  same  vibration 
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acceleration  and  for  other  equal  conditions  are  recorded  for  aluminum 
alloys.  Then  cotne  ca3t  Iron  and  steel  material.  The  least  damage  is 
found  for  specimens  of  material  coated  with  opal  and  hard  chromium. 


Figure  31.  Specimen  of  SCh  Cast  Iron 
After  14  Hours  of  Testing 
on  a  12  kHz  MSV 


Figure  32.  Specimen  of  38KhMYuA  Steel 
After  3  Hours  Testing  on  a 
10  kHz  MSV 

An  analysis  of  experimental  data  showed  that  the  ratios  recorded  for 
material  damage  agree  with  those  of  other  experimentore  Investigating 
the  damage  of  specimens  at  different  times. 

Adopting  as  unit  damage  the  damage  suffered  by  a  specimen  of 
38  KhMYuA  steel,  given  otherwise  equal  conditions  the  damage  to  a  specimen 

r,--i 


6,8-7  times  faster,  and 


f: 

V 

t* 

of  gray  cast  iron  SCh  24-48  will  occur 
10  timoo  faster  for  an  aluminum  specimen,  that  is,  an  aluminum  alloy 
is  the  leaqt  .cavitation-resistant  as  we  can  see  from  the  curves  in 
Figure  33. 
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Figure  33.  Damage  to  Specimens  of 

Various  Materials  Deter¬ 
mined  a  MSVt 

1  -  Steel  coated  with  opal  chi  otaiura  2-38  KMYuA  steel  3  -  SCh  24-44 
[Text  in  paragraph  gives  24-4j3  cast  iron  4  -  AK  4 

KEY;  A  -  t,  hours 
B  *  A G,  g 

From  Figure  34  we  see  that  after  3  hours*  testing  of  steel  specimens 
with  different  excitation  frequencies  and  vibration  amplitudes,  the 
greatest  damage  resulted  when  maximum  accelerations  were  applied. 

In  conducting  tests  of  specimens  on  vibrators,  it  was  noted  that 
sometimes  the  progression  of  cavitation  damage  to  specimens  dies  out  afeer 
some  time  following  the  beginning  of  tests.  This  is  associated  with  the 
change  In  the  amplitude  characteristic  of  the  MSV,  which  is  pencil-shaped. 
The  maximum  amplitudes  are  obcerved  at  the  resonant  frequencies.  Thirty  mm 
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specimens  were  selected  for  the  test  end  they  exhibited  free-vibration 
frequencies  in  the  runge  7500-12,700  Hz,  depending  on  the-  specimen  thick* 
ness  end  its  s.^cerial.  The  frce-vibration  frequencies  of  the  specimens 
depend  on  their  thickness  and  mass. 

.  A 
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Figure  34.  Damage  to  Steel  Specimens 

at  Constant  Water  Temperature 
as  a  Function  of  Various 
Accelerations  (The  Numerical 
Values  Next  to  the  Curve  Stand 
for  the  Vibration  mplitude, 
in  tut) 

KEY:  A  -  mg/cm2 
B  -  kHz 


With  increasing  weight  loss  during  the  damage  process,  specimen 
thickness  and  mass  change,  which  causes  a  change  in  the  free-vibration 
frequency  and  shifts  the  system  front  the  resonance  zone  into  the  lower- 
acceleration  region.  Here  the  damage  rate  is  significantly  slowed  or 
halted  altogether.  Damage  occurs  more  intensively  in  materials  if  the 
surface  finish  is  reduced.  Under  otherwise  equal  conditions,  a  variation 
in  surface  finish  from  the  second  to  the  fifth  class  reduces  the  damage 
by  5-10*. 

Thus,  tests  of  specimens  on  the  MSV  permit  an  estimate  of  cavitation 
damage  to  a  material  specimen,  in  a  very  short  time  interval,  under  given 


conditions,  without  conducting  expensive  and  laborious  tests  in  diesel 
engines. 

15.  Use  of  Data  From  MSV  Testa  of  Specimens  of  Materials  and  Coatings 

to  Datemine  the  Cavitation  Resistance  of  Cylinder  Liners  of  Diesel 

Engines 

We  know  that  in  diesel  engines  the  process  of  cavitation  damage 
develops  over  hundreds  and  thousands  of  hours.  This  process  proceeds 
more  intensively  in  diesel  engines  with  high  vlbro-activity.  Thersforo 
it  appears  advantageous  in  the  finishing  of  diesel  engines  to  study 
phenomena  of  cavitation  damage  in  conditions  of  the  more  intense  course 
of  the  process,  that  is,  on  MSV. 

Different  values  of  MSV  smnl irijde- frequency  characteristics  permit 
obtaining  failure  in  specimens  over  several  minutes  or  hours  that  are 
commensurable  with  damage  in  cylinder  liners  obtained  in  diesel  engines 
over  hundreds  of  hours. 

Studies  of  the  cavitation  damage  to  material  specimens  on  the  MSV 
and  diesel  engine  cylinder  liners  show  that  in  either  case  the  extent  of 
the  damage  &G  obeys  the  same  law,  which  has  the  following  fora 

.  5 

where  a'  is  a  coefficient  that  depends  only  on  the  specimen  material;  and 
£t  and  n  are  exponent*. 

Under  this  law  one  can  calculate,  approximately,  what  damage  will 
occur  in  diesel  engines  for  other  values  of  vibrational  acceleration 
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when  the  extent  of  damage  to  material  specimens  obtained  on  a  MSV  la 
known .  . 

The  d ^\G  will  occur  in  the  time  interval  t  if  the  ratio  of 

the  acceleration  of  vibrational  motion  of  the  surface  being  damaged  to 

the  acceleration  due  to  gravity  is  the  quantity  S  . 

c 


Hence 


I  n  : 


to  obtain  the  same  damage  /\g  but  for  a  different  ratio  of  the  accelera¬ 
tion  of  the  vibrational  motion  of  a  surface  to  the  acceleration  due  to 

gravity,  S  ,  a  different  time  interval  is  required: 

C1 

/,  -  '<  '•>•*  . 

I  "i-V, 

From  these  expressions  it  follows  that  with  increase  in  S„  ,  the  time  t 
during  which  the  same  extent  of  damage  occurs  will  be  shorter. 

To  compare  the  results  of  studying  damage  in  various  specimens  of 
materials  obtained  with  a  MSV,  wit!  the  results  of  teats  made  on  diesel 
engine  cylinder  liners  constructed  of  materials  under  comparison,  it 
.  .peered  necessary  to  establish  the  time  required  to  obtain  the  same  extent 
of  damage  for  different  accelerations.  Knowing  the  ratio  of  these  times 
is  also  necessary  to  estimate  the  results  o'  accelerated  tests  of  a  diesel 
engine  for  cavitation  erosion  and  to  estimate  Its  normal  operating  time 
until  the  onset  of  the  same  extent  of  damage  as  in  accelerated  tests. 

Here  the  time  scale  M  Is  determined,  approximately,  by  the  relation: 


.  ..  i/s: 

I  V  ' 


hr 


Studies  shoved  that  one  can  use  the  root  '^■2  for  practical 
purposes,  with  adequate  precision. 

Therefore*,  the  same  extent  of  damage  A  G  for  the  values  S  and  S 

c  ci 

characterizing  the  acceleration  of  the  vibrational  motion  of  surfaces 
will  be  obtained  In  the  tine  t  and  t^  ,  which  are  found  in  a  relation¬ 
ship  as 

1:/. 

On  establishing  the  mathematical  dependence  of  the  time  factor  for 
the  same  extent  of  damage  as  a  function  of  the  acceleration  of  vibrational 
motion,  one  must  present  the  true  values  of  the  scale  factor  when  working 
In  different  frequency  ranges  with  different  accelerations  of  vibrational 
motion. 

Calculated  and  actual  time  scale  data  for  the  extent  of  damage  At*  B 
10 0  mg  **  const  are  presented  in  Tabic  11. 

The  data  in  Table  11  show  that  .the  error  in  calculating  the  time 
•calc  in  the  range  of  working  accelerations  in  diesel  engines  and  in 
vibrators  up  to  1000  g  does  not  exceed  10-12%,  therefore  formula  (29) 
can  be  used  for  approximate  calculations. 

Thus,  the  results  of  cavitation  tests  of  construction  material 
specimens  (aluminum  alloys,  steel,  cast  iron,  and  so  on)  on  MSV  can 
be  reconverted  to  the  operating  conditions  of  diesel  cylinder  liners  by 
using  the  appropriate  scale. 

Figure  35  presents  the  curve  of  the  dependence  of  the  extent  of 
damage  to  a  specimen  of  SCh  24-44  cast  iron  on  the  service  time  for  tests 
made  on  a  12  kHz  MSV  at  S  ■  5100  with  a  vibrational  amplitude  of  10  m,  and 


Figure  36  shows  the  calculated  service  time  of  liners  made  of  the  same 

cast  iron,  for  different  accelerations „  The  agreement  between  the 

■ 

calculated  and  experimental  data  is  satisfactory „  In  the  same  fashion 
all  hinds  of  coatings,  for  example,  damping,  solid,  and  refractory  coatings 
can  bo  to3tod  on  US V  and  be  calculated  for  diesel  engine  performance. 

Table  11.  Calculated  and  Actual  Time  Scale  Data 


1  -  t  in  hours 

2  -  t  in  hours 


3  '  cepX  hours  [exp  »  experimental] 
A  -  Mcd^  [cal  "  calculated]] 


5  -  M. 


ac 


[ac  - 


actual 


6  -  Errors  in  per  cent 


7  -  Remark.  The  following  notation  was  adopted:  t  is  the  actual 
experimental  time:  Hca^  is  the  calculated  exP  scale  factor; 
and  is  the  experimental  scale  factor. 
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Figure  35.  Failure  of  a,  SCh  24-44  Goat 

Iron  Specimen  on  a  12  kHz  MS V 


-  t,  hours 

-  As.g/'cm2 


Figure  3fc,  Calculated  Weight  Loss  Curve® 

of  SCh  24-44  Cast  Iron  Liners 

When  Serving  in  Diesel  Engines 

With  Different  S  Values:  o  o  o 

Damage  to  a  Castc  Iron  Liner 

of  a  Ch  10,5/13  Diesel  Engine 

for  Vibration  With  8  -  20 

s 

-  t,  hours  ;  B  -  A  :,g/cm2 


in 


10.  Adv.-n  tapes  and  Dic.'idventages  of  Accelerated  Specimen  Test  Methods 

An  advantage  of  accelerated  tests  of  iri.n ceriai  opec.litK.ns  on  MSV 
is  the  rapidity  of  the  tests  and  the  low  outlays  in  cor::! u utiug  Cht.-.j. 

These  ter  to  provide  c<  ■••.;•.  rabic  results  for  the  extent  of  oamage  in  the 
«i n..1  construction  .sutcr J.al  with  respect  to  mother.  MSV  tests  Bake  it 
possible  to  find  how  physicochemical,  properties  of  the  liquid  medium, 
lit  gas  flatui^bion,  avh  several  other  factors  affect  failure.  Satisfactory 
results  arc  ■ileo  provided  by  such  tests  in  studying  the  roe istance  of 
herd  and  refractory  coatings  end  aloo  all  kinds  of  elastic  damping  coatings 
applied  on  surfaces  cubject  Co  failure.  The  results  of  these  testa  can 
serve  as  the  basts  for  estimating  the  efficiency  of  a  material  or  a 
coating  in  service  conditions  in  a  diesel  engine. 

The  disadvantage;.  of  the  accelerated  teat,  method  lauui.  :■  regarded 
as  the  fact  thnu  it  does  not  afford  an  estimate  of  efficiency  over  an 
extended  time  interval.  As  a  result  bf  MSV  teats  of  additives  for  diesel 
engine  coolant  water,  the  relative  effect  of  various  additives  on  reducing 
damage  is  ascertained.  However,  MSV  tests  do  not  enter  the  question  as  to 
the  serviceability  of  an  additive  in  time,  that  is,  its  practical  su*tability. 
In  actual  experience  it  turns  out  that  the  additives  that  are  most  stable 
in  time,  that  do  not  decompose  into  const'  rents,,  and  that  do  not  precipitate 
in  150-200  hours  have  the  greatest  effect  cn  reducing  cooling  surface 
damage.  Therefore  one  cannot  judge  the  efficiency  of  additives  from  MiV 
tests  since  results  contradicting  actual  data  from  diesel  engine  teste 
can  be  obtained. 

MSV  teats  also  do  not  permit  a  full  eotinwtion  of  the  effect  that 
mechanical,  electrochemical  and  temperature  factors  have  on  the  overall 

I  pp 


damage  of  ft  surface,  since  the.  tests  are  conducted  in  the  high-frequency 
range  and  at  very  high  accelerations. 

IV .  Acceleration  Methods  of  Testing  Diesel  Engines  for  Cavitation  Damage 
v."here;’S  ir.  tests  node  of  the  cavitation  damage  of  specimens  on  KSV 
it  becomes  possible  to  increase  the  vibratory  field  by  tens  and  hundreds 
of  times  and  thus  to  sharply  intensify  the  process  of  specimen  damage, 
in  an  actual  diesel  engine  the  cavitation  damage  process  proceeds  slowly  -- 
takings  hundreds  and  thousands  of  hours,. 

When  studies  were  made  on  a  diesel  engine  to  select  active  agents 
protecting  against  cavitation  erosion,  co  shorten  the  test  time  of  each 
variant  ic  often  proves  useful  to  intensify  the  cavitation  processes,  which 
is  achieved  by  increasing  the  gap  between  the  piston  and  the  cylinder 
liner  in  order  to  raise  the  energy  of  piston  impact  against  the  liner, 
end  this  acceleration  in  testing  is  also  achieves  by  running  the  diesel 
eng  in'-  in  regimes  during  which  cavitation  erosion  is  intensified.  Thi6 
makes  It  possible  to  intensify  the  process  of  damage  to  parts  swept  by 
water  in  the  test  diesel  engine  by  several  times  and  to  reduce  the  test 
duration  by  an  equal  number  of  times. 

By  intensifying  the  damage  process  by  fourfold,  damage  can  be  pro¬ 
duced  in  500  hours  that  is  equivalent  to  the  damage  in  a  series-built 
diesel  obtained  after  2000  hours  of  operation. 

To  intensify  the  process  of  damage  to  cylinder  i iners  in  the  Ch  15/16 
diesel  engine,  one  must  triple  the  liner  vibrational  level,  which  is 
achieved  by  increasing  the  thermal  gap  between  the  piston  and  the  liner  by 


Figure  37.  Dependence  of  Damage  on  Vibration  and  Temperatures 
a  -  Change  in  Vibration  of  Cylinder  Liner  of  the 
Ch  15/18  Diesel  on  the  Thermal  Gap  Between  the 
Piston  and  the  Liner;  b  -  Increase  in  Weight  Loss 
as  a  Function  of  Liner  Vibration;  c  ••  Increase 
in  Damage  as  a  Function  of  Medium  Temperature,  for 
1.05  atm  Freasure  in  the  Medium 


KEY:  A  -  L,  db 

B  -  AG,  g 

When  the  vibrational  level  of  $  liner  is  tripled,  the  rate  of  its 
cavitation  damage  increases  by  about  twofold. 

Lperation  of  a  diesel  engine  in  the  cooling  temperature  range 
55-80°  c  ao  compared  to  78-80°  C  with  normal  operating  conditions  also 
intensifies  the  failure  process  by  a  factor  of  2. 

Thus,  a  threefold  increase  in  the  liner  vibrational  level  and 
operating  the  diesel  engine  In  the  cooling  temperature  range  05-60°  C 
means  a  fourfold  Increase  in  the  cavitation  damage  process,  which  in  turn 
makes  it  possible  to  shorten  the  diesel  engine  test  time  by  a  factor  of 
four. 

Figure  37  presents  functions  characterizing  the  extent  of  acceleration 
of  the  cavitation  damage  process  in  accelerated  testing.  Figure  37a 
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shows  the  increase  in  liner  vibration  with  increase  in  the  thermal  gap 
between  the  piston  and  the  liner,  and  Figure  37b  shows  an  increase  in 
damage  with  a  rise  in  vibrations.  When  vibrations  are  increased  from 
15  to  44  g,  dar.cgo  climbs  by  a  factor  of  2 

Figure  37^  chows  the  dependence  of  damage  on  cooling  temperature. 

A  temperature  rise  from  20  to  55°  C  increases  damage  by  twofold.  In  testa 
on  Ch  15/18  diesels  and  other  models  by  the  method  of  increasing  the 
vibrational  level  and  selecting  the  appropriate  cooling  temperature,  the 
test  time  for  each  of  the  variants  of  diesel  engine  design  considered  for 
cavitation  resistance  can  be  appreciably  shortened.  These  tests  are 
accelerated  and  are  conducted  under  a  500  hour  program,  instead  of 
2000-2200  hours. 


To  intensify  the  cavitation  damage  process  by  a  higher  factor,  one 
must  additionally  increase  the  vibrational  level  of  the  surfaces  being 
damaged  by  selecting  the  appropriate’diesel  engine  operating  regime, 
increa  :ing  the  roughness  of  the  surfaces  undergoing  damage  to  the  second 
finish  class,  and  cooling  the  diesel  wit!,  en  open  cooling  system,  which 
increases  the  gas  content  in  the  water. 


10.  Visual  Estimation  of  Cavitation  Processes  and  the  Initial  Stage  of 
Cavitation  Damage  in  Diesel  Engines 

Estimating  the  extent  of  damage  to  surfaces  swept  with  water,  cylinder 
liners,  and  blocks  of  diesel  engines  is  usually  carried  out  after  they 
have  been  run  for  a  certain  number  of  hours. 


Diesel  engines,  both  experimental  a t  »  il  as  those  operated  in 
the  national  economy,  run  for  different  time  intervale  in  different 
regimes,  And  this  means  changes  in  the  vibratory  fields  of  diesel  engines , 
their  cooling  regime,  nr.d  other  parameters  that  can  strongly  affect,  the 
buildup  of  cavitation  damage  to  surfaces. 

The  intensity  of  the  vibration  of  a  cylinder  liner  (of  a  specific 
diesel  engine  r.edel)  depends  on  its  operating  regime.  As  the  load  is 
increased,  the  side  pressure  force  rises.  Under  otherwise  equal  conditions, 
this  increases  the  rate  at  which  the  piston  slaps  from  one  cylinder  wall 
to  the  other  (with  a  change  in  the  sign  of  the  side  pressure  forces),  and, 
therefore,  tho  energy  of  its  impact  agaio.-t  the  liner,  but  on  the  other 
hand,  as  the  load  goes  up  the  temperature  of  the  piston  rises  and  the 
gap  between  it  and  the  liner  (especially  for  aluminum  pistons)  decreases 
Therefore  the  intensity  of  liner  vibration  d*n  increase  and  decrease  with 
rise  in  load,  depending  on  the  type  of  diesel  engine. 

0. a  of  the  indirect  characteristics  by  which  one  can  evaluate  the 
intensity  of  cavitation  erosion  to  surfaces  is  the  intensity  of  the  vibra~ 
tory  field. 

In  evaluating  damage  based’  or.  vibrational  p-vramecers,  naturally  the 
effect  of  other  parameters  affecting  surface  erosion  iu  not  tak/.n  into 
account. 

Transparent  windows  are  built  in  the  block  for  direct  observation 
of  the  cavitation  proceeB  in  diesel  engine  cooling  Jackets  (Figure  3f.) . 

The  windows  are  made  of  plexiglaa.  The  configuration  of  the  internal 
surfaces  in  the  cooling  system,  when  the  windows  are  installed,  must  be 
kept  unchanged. 


Figure  33,  Trancparent  Window  in  a  Diesel  Engine 
Block  for  Observation  of  the  Stage  of 
Cavitation  Buildup 

To  estimate  the  first  (initial)  stage  of  cavitation  damage,  liners 
in  a  test  block  are  coated  with  a  thin  layer  of  bakelite  varnish  with 
white  nitro  dye.  This  coating  very  rapidly  breaks  down  v?hen  subjected 
to  cavitation  erosion  and  in  3-b  hours  of  operation  dark  pits  are  lormed 
In  the  coating,  which  can  be  readily  observed  with  the  unaided  eye. 

Observing  an  operating  die6el  with  an  experimental  block  and  trans¬ 
parent  windows  makes  it  possible  to  visually  estimate  the  rone  of 
inception  of  cavitation  bubbles,  their  approximate  size,  the  direction 
of  motion,  and  importantly,  to  establish  that  the  areas  of  a  surface  where 
a  small  volume  of  bubbles  are  form. d,  whose  lifetime  is  very  short,  are 
subjected  to  damage. 

It  was  found  that  cavities  (bubbles)  emerge  along  the  vertical  axis 
of  the  external  surface  of  a  liner,  at  the  Bite  of  the  vibration  antiuode. 
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Bubbles  entrained  by  the  liquid  flow,  whose  diameter  is  not  lc?>«  than 
0.2-C.4  mm,  arc  observable.  The  time  they  spend  within  the  1  laiit*  o I 
visibility  in  ■•’!'out.  1  record.  In  addition  to  these,  smaller  bubbles* 

CO" I  eyeing  into  larger  bubbles  up  to  3  njn  in  diameter  are  observed;  the.'-c 
larger  bubbles  separate  duo  t:o  lift  action,  float:  upwards,  and  are  entrained 
by  the  liquid  flow.  Also  observable  are  the  cloudy  regions  consisting  of 
largo  nutters  of  very  fine  bubbles. 

Vhen  the  idling  rpru  of  Ch  15/18  diet. el  engines  1b  increased,,  a 
Cr''  deal  rise  in  the  Gize  and  the  numbers  of  bubhles  grouping  into  larger 
bubbLes  is  visible.  Then  they  are  entrained  by  the  viater  flow,,  bubbles 
smaller  than  0.5  mm  in  diameter  are  not  observed,  just  as  iu  the  case  for 
the  cloudy  regions. 

By  increasing  the  diesel  engine  load  from  0  to  100%,  that  is  1500  rpt.i, 
we  observed  a  reduction  in  the  bubble  size  due  to  the  buildup  in  tin 
inter.1  tty  of  liner  vibrations. 

liven  at  a  75%  load,  the  bubbles  decrease  down  to  dimensions  which 
make  them  virtually  invisible  and  they  can  be  tracked  only  as  Individual 
persistent  cloudy  regions.  Using  the  high-speed  SKS-1M-16  motion  picture 
camera,  the  lifetime  of  the  largest  bubbles  of  the  cloudy  regions  was 
established,  0.001-0.003  sec.  The  bubbles  appear  and  disappear  on  the 
spot. 

Finer  bubbles  cannot  be  observed  in  the  cloudy  regions  without  special 
telephoto  and  high-speed  motion  picture  cameras,  since  their  dimensions 
end  lifetimes  are  very  small.  The  high-speed  camera  used  can  provide  filming 
at  the  speed  of  800-1200  frames  per  second;  this  can  record  the  buildup 
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of  a  bubble  with  a  lifetime  of  0.01  see. 

The  use  of  a  special  coating  and  its  damage  show  that  small  cavities, 
in  the  form  of  cloudy  regions,  are  the  most  dangerous.  Pits  in  light 
coatings  form  most  often  in  their  vicinity. 

Visual  oiiforvation  of  bubble  growth  confirms  that  cavitation  erosion 
in  diesel  engines  occurs  most  intensively  at  the  highest  vibration  levels 
and  corresponds  to  the  nu.xir.um  speed  end  load  operating  conditions  of 
diesel  engines,  and  a  cooling  temperature  in  the  range  50-60°  C  with  the 
pressure  in  the  cooling  system  at  1-1.1  atmospheres. 

Observation  of  the  buildup  of  visible  bubbles  during  the  diesel  engine 
Starting  and  warming  period  shows  that  as  a  diesel  engine  warms  up  the 
number  of  bubbles  becomes  smaller.  However,  the  bubbles  forming  in  these 
regimes  are  larger  in  size  and  virtually  always  surface  and  are  swept 
away  by  the  water  flow  without  disintegrating  at  their  inception  sites. 

A  block  fitted  with  transparent" windows  makes  it  possible  to  visually 
observe  the  buildup  of  separate  bubbles  as  the  vibratory  field  of  different 
cylinders  is  Increased,  which  can  be  varied  by  changing  the  thermal  gap 
between  piston  and  liner  and  also  by  changing  the  gap  in  the  lower  seating 
shoulder  between  the  liner  and  the  block. 

Observation  results  chow  that  as  the  vibrational  level  is  increased, 
cavity  size  becomes  smaller  and  failure  proceeds  more  intensively, 

19.  Estimation  of  Cavitation  Damage  In  Diesel  Engine  Cylinder  Liners 

Cylinder  liners  fail  in  the  zones  of  vibration  and  antinodes.  The 
most  intense  damage  lies  on  the  surface  of  a  liner  perpendicular  to  the 
rocking  plane  of  a  connecting  rod  from  the  side  force  location.  Therefore 


In  investigations  to  find  the  methods  by  which  to  reduce  the  intensity 
of  cavitr.ticn  damage  in  liners,  the  extent  of  damage  must  be  estimated 

e 

for  surfaces  at  which  it  is  most  intense.  An  estimation  of  the  extent 
of  damage  based  on  weight  los6,  related  to  the  weight  of  the  intact  liner, 
is  highly  inaccurate  owing  to  the  great  difference  in  the  values  of  the 
weight  loss  and  the  weight  of  the  intact  liner,  and  also  due  to  the 
weight  losses  associated  with  wear. 


Figure  39.  Arrangement  of  Zones  of 

Maximum  Cavitation  Damage 
in  a  Cylinder  Liner: 

1  -  Connecting  rod  rocking  plane 

2  -  Direction  along  which  side  force  P  acts 

3  -  Zone  of  greatest  to  external  surface  of  liner 

4  -  Specimen 


More  exact  is  the  excised  specimen  method.  A  specimen  with  damage 


areas  is  cut  out  of  the  surface  perpendicular  to  the  connecting  rod 
rocking  plane  at  the  aide  along  which  the  maximum  side  forces  acts,  and 
a  control  sample  free  of  cavitation  damage  is  cut  out  of  any  part  of  the 


undamaged  surface,  for  example,  from  the  area  of  point  B  (Figure  39), 
Specimens  taken  from  liners  of  a  6  Ch  15/18  dieeel  are  shown  in  Figure 
40. 

For  the  damage  to  liners  from  different  diesel  engines  to  be 
cot'.pcrab  1  e ,  the  ratio  of  the  specimen  area  to  the  external  art-a  of  the 
liner  is  assumed  constant  and  equal  to  0.025.  On  this  basis,  one  can 
obtain  the  true  extent  of  specimen  arcs  S^.  for  a  liner  of  uny  diesel 
engine: 

SK  “  *y‘ 

where  x  is  the  size  of  the  specimen  along  the  circumference  (Figure  39); 

y  is  the  size  of  the  specimen  along  the  height  of  the  liner. 

Since  S  /S  »  0.025,  is  assumed  fl  «*  liner!  ,  and  S  ”  IT  D  1  (S.  ie 

xi  *-  1  ou  * 

the  outer  surface  of  the  liner),  then 

S  “  0.025-TTD  ■  1  cm2, 
x  ou 

Vhus,  the  absolute  extent  of  damage  is  determined  from  th3  difference 
in  weights  of  identical-size  specimens  cut  from  damaged  and  undamaged 
liner  surfaces. 

Cases  of  cavitation  damage  to  cylinder  liners  are  observed  in  which 
a  limited  number  of  pits  (only  several)  appear  in  the  damaged  surface, 
but  they  rapidly  increase  in  depth  and  cause  the  liner  to  malfunction,  by 
forming  continuous  flaws.  In  all  cases  the  total  weight  loss  of  a  specimen 
can  be  small,  therefore  here  an  estimation  of  the  intensity  of  cavitation 
damage  must  bs  made  by  measuring  the  pit  depth. 

The  extent  of  damage  in  liners  depends  on  the  operating  time, 

1 3 ! 


acceleration  ot  vibrations,  the  cooling  temperature,  the  linrr  material, 

the  finish  of  the  damaged  surface,  the  pressure  in  the  cooling  system  and 

several  other  ^.'actors,  The  love!  of  vibr.  tions  in  the  operating  time  of 

the  liner'  ai  torts  damage  must  strongly.  Figure  40  Bhows  the  curves  of 

damage  Intensity  in  time  an  a  function  of  the  dime ns Jonless  quantity ‘S^. 

S  characterise.’  the  acceleration  of  vibration  motion  of  a  surface.  From 
c 

Figure  41  we  see  that  depending  on  the  acceleration,  the  same  weight  loss 
of  a  liner  /\G  can  be  obtained  in  different  times,  and  the  shorter  the 
time,  the  greater  the  vibration  acceleration.  Tor  a  vibration  acceleration 
of  100  g,  a  1  gram  failure  can  be  obtained  In  110  hours  of  operation,  and 
for  a  500  g  acceleration,  even  in  60  hours. 

4)  6) 


Figure  40.  Specimens  from  Liners  oc  a 
6  Ch  15/18  Diesel  Engine: 
a  -  After  Service  in  the 
Diesel  Engine  b  -  Before 
Service 


Figure  42  shows  the  damage  to  liners  at  different  vibration  accelera¬ 
tions.  Analysis  of  these  data  shows  that  the  damage  curves  constitute  a 
family  of  parabolas  passing  through  the  origin  of  coordinates  and  which 


can  be  described  by  the  equation 


where  t  is  tlvj  operating  time  of  the  liner  After  which  damage  is  deter¬ 
mined  ; 

q  is  the  parameter  characterizing  the  acceleration  of  liner  vibra¬ 
tions  ;  end 

1  is  the  exponent  of  the  power  function,  dependent  on  vibration 
acceleration. 

In  its  final  form,  the  expression  for  estimating  the  damage  in 
cylinder  liners  as  a  function  of  vibration  acceleration,  under  otherwise 
equal  conditions,  is  as  follows: 


(30) 


Here  t 

<! 


io  the  diesel  engine  operating  time  in  hours; 

.  'h.t.  -  ^  !"  is  the  exponent  for  $c  in  the  equation,  in  which 
the  negative  term  corrects  it  for  low  S£  values  not  exceeding  60.. 


i 

i 
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Figure  41.  Dependence  of  Operating  Time  t  Required 

to  Produce  the  Same  Extent  of  Damage 

for  Different  S  : 

c 


1  -  Ac  -  1  g  2  -  -  0.1  g 

KEY:  A  -  t,  hours 


133 


1  H-VHVt*1  ■  1  t*-v  - 


In  estimatin'  the  extent  of  cavitation  damage  to  liners  one  must 
allow  for  the  hind  of  damage.  Damage  in  cavitation  i3  represented  by 
COlU:-.sil-4p0  d  pit  s  with  the  apex  directed  downward  it,  to  the  bulk  of  the 
metal.  Experience  has  shown  that  if  th  :  pit  depth  is  three-fourths  of 
the  thickness  of  the  liner  wal.,  cracks  form  in  the  liner  extending 
through  the  damage  craters  and  the  diesel  engine  malfunctions.  For 
example,  for  0  Ch  15/18  diesel  with  6  nm  thick  liners,  a  52  gram  weight 

loss  of  n  liner  specimen  is  the  maximum.  In  this  case  the  specific  loss 

2  2 
is  1.5  g/cm  ,  At  the  acme  tine,  a  specific  loss  of  0.08  g/cm  (absolute 

loss  3  g)  is  not  dangerous  9ince  the  pits  have  a  negligible  depth.  Only 

clouded  areas  and  opalescence  colors  arc  observed  at  the  surface. 

.  A 

/ 

'  s'  ■ 

•  , .  [) 

Figure  42.  Cavitation  Damage  in  Liners  of 
Diesel  Engines  for  Different 
Accelerations : 

1  and  2  -  Material  specimen  3-5  -  Diesel  engine  liners 

KEY :  A  -  Ac,  g 
B  -  t,  hours 

The  maximum  allowable  damage  depends  on  the  liner  thickness  and 
differs  for  different  diesel  engines.  Figure  43  shows  the  coefficient  £ 


l"-i 


characterizing  the  maximum  allowable  damage  to  cylinder  liner#  of  diesel 


r 


*> 

f  ‘ 


engines  as  a  function  of  wall  thickness: 


<*!> 


where  S  *=  S^/S^  (sq  "  *•  cm  »  t^e  area  taken  as  a  unit  of  damage); 


Mi  .  ( AGx  is  the  weight  loss  of  a  diesel  engine  cylinder  liner; 

*  10“ 3  kg,  the  weight  lo8 s  taken  as  the  zero  threshold). 
Where  tne  case  when  only  a  few  pits  appear  in  liners  subjected  to 
cavitation  damage,  ^  must  be  determined  with  respect  to  the  increase  in 
pit  depth. 


Fig.  43.  Dependence  of  the  coefficient 
^  character' ning  the  maximum  allowable 
damage  to  liners  as  a  function  of 
liner  thickness  h 
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CHAPTI1K  I-'OUR 

i-AiTORb  A1  HiCTJNG  Till:  I  NTI.XSIli  Of  CAM  VAT  I  OX*  DAMAGL  IN 
*  IjI IISiiL  HNGINliS 

20:  Intensity  of  Liner  Vibrations  and  tho  Effect;  of  Design  Factors 

The  fundamental  source  of  cavitation  erosion  in  liners  and  block* 
of  diesel  cngir.eo  is  the  high-frequency  vibrations  of  these  cylint  ex 
liners  ccu3od  by  piston  impact  passing  from  one  cylinder  wall  to  the 
other  near  the  top  dead  center  as  the  sign  of  the  side  pressure  force 
changes,  Slap  is  caused  by  the  presence  of  a  gap  between  it  and 
the  cylinder  liner.  Thus ,  the  smaller  this  gap  the  lower  the  impact 
energy  of  the  piston  against  the  cylinder  wall.  A  significant  reduction 
in  the  gap  in  the  cylinder  -  piston  group  is  a  difficult  task  since  a 
piston,  allowing  for  thermal  end  mechanical  strains  arising  as  the 
load  operating  regime  of  a  diesel  engine  is  varied,  must  have  a  carefully 
profiled  jihape,  that  is,  an  oval,  in  cross  section,  and  barrel -shaped , 
heigh  wise,  A  further  decrease  in  the  gap  between  the  liner  and  the 
piston  leans  to  scoring. 

The  size  of  this  gap  depends  on  the  piston  material  (the  coefficient 
of  linear  expansion),  the  leygl  of  diesel  engine  upratlng,  the  design 
dimensions  of  the  piston,  Its  configuration,  and  so  cn. 

The  energy  of  the  piston  impact  against  the  liner  wall  is  determined 
by  the  velocity  that  the  piston  has  in  the  transverse  direction  (slap) 
and  by  its  mass.  The  piBton  velocity  at  the  instant  of  encountering 
the  liner  wall  will  rise  with  increase  in  the  gap  in  the  piston-liner 
pair  and  with  rise  in  the  side  pressure  force  (aLlowing  for  the  gas  and 
inertia?,  forces  acting  on  the  piston). 
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The*  striking  of  a  piston  against  its  liner  causes  a  "burst"  of 
its  vibrations  with  a  wide  spread  of  values.  Analysis  of  oscillograms 
shows  that  the  beginning  of  theue  intensified  vibrations  lags  behind 
the  instant  of  change  in  the  sign  o£  these  aide  pressure  forces  in  the 
piston  mechanism  by  the  time  needed  for  the  piston  to  travel  within  the 
gap  limits  from  one  cylinder  wall  to  the  other,  and  the  recorded  liner 
vibration/;  arc  caused  by  piston  impact  and  not  by  strains  produced  by 
gaseous  forces  or  other  factors. 

From  an  inspection  of  the  oscillograms  of  liner  vibrations  we  aee 
that  In  mo3t  cases  a  lvner  vibrates  together  with  the  piston  pressed 
against  it.  But  in  individual  cases  (but  especially  when  the  spread 
of  vibration  values  is  large),  accelerations  of  vibrational  motion 
prove  to  be  so  large  that  the  inertial  forces  induced  in  the  transverse 
direction  exceed  the  force  of  the  piston  side  pressure  against  the 
cylinder  wall,  resulting  in  the  piston  rebounding  and  then  reimpacting 
again jl  the  cylinder  wall.  This  can  be  seen  from  the  breaks  in  the 
vibration  peaks  on  oscillograms.  During  the  period  of  these  intensified 
vibrations,  which  constitute  natural  vibrations  of  the  clastic  wall  of 
the  liner  with  tha  piston  pressed  against  it,  which  can  be  regarded  as 
vibrations  of  an  elastic  rod  with  art  attached  concentrated  mass,  the 
accelerations  of  vibrational  motion  at  a  frequency  in  the  range  900- 
2000  Hz.  exceeds  by  tens  of  times  thv>  acceleration  due  to  gravity,  G. 
This  vibrational  process  then  is  the  main  source  of  cavitation  in  a 
dieaai  engine. 

As  chovm  by  experiment* ,  the  251  increase  in  the  gap  leads  to  a 
2.5  to  3.5  db  increaue  in  viorut.ionn  for  s  number  of  diesel  engines, 

itj*d  a  507.  Inert >no  If.;-'*  s  (n  ;»  5  to  6  t.r.c,b<:l  iforc.'Ci* . 
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on  a  4CH10.5/13  diesel  engine  showed  that  a  501  gap  incre  led  to 
an  appreciable  rise  in  vibrations  In  the  high-frequency  range. 

e 

An  increase  in  the  piston  mass  with  the  gap  in  the  piston~liner 
pair  end  the  side  pressure  forces  k-’pt  constant  leads  to  a  rise  in  the 
energy  of  the  ivpact  and  to  a  higher  intensity  of  liner  wail  vibrations. 
Here  one  must  take  account  of  the  fact  chat  an  increase  in  the  piston 
mass  leads  to  a  rise  in  the  inertial  forces  directed  in  the  opposite 
direction  of  the  gaseous  forces,  and  to  a  decrease  in  the  side  pressure 
forces.  This  decrease  in  the  side  pressure  forces  leads  to  the 
velocity  of  piston  transverse  motion  from  one  cylinder  wall  to  another 
dropping  off.  To  a  large  extent,  this  compensates  for  the  increase  in 
the  piston  mass  in  the  resulting  energy  of  the  impact  against  the 
1  ir.or  in  vicinity  of  TDC « 

Tabic  12:  Changes  in  Vibrations  in  a  IChS .5/llDiesel 
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Hays 

1,  Platon  weight  in  g,  5. 

2 ,  Head 

3  „  Trunk.  6 . 

4,  Points  at  which  vibration  was  7, 

loc-'iaurud  j  in  dL 


Vibrational  level  of 
cylinder  liners  in  db 
Liner 
Block 


A*  expcrin-.onts  shoved,  an  Increase  in  piston  weight  by  a  factor 
of  1.5/2  docs  not  cause  an  appreciable  rise  in  the  vibrations  of  liners 
end  blocks  in  diesel  engines.  When  experiments  were  conducted  on 
diesel  engines,  the  ter perature  region,  the  gap  in  the  moving  members, 
combustion  pressure,  cycle  roughness  and  several  other  parameters  were 
kept  constant.  This  made  it  possible  to  avoid  the  effect  of  extraneous 
factors  on  vibrations  of  diesel  engine  cylinder  liners  and  block  as  the 
piston  weight  was  varied.  The  pistons  were  made  of  different  materials 
using  the  sane  drawings  and  identical  thermal  gap  was  maintained. 

The  nature  of  liner  vibrations  proved  to  be  strongly  affected  by 
piston  design  end  the  distribution  of  its  weight  between  parts  situated 
above  the  axis  of  the  piston  pin  and  below  it.  This  Is  because  as  the 
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impact  against  the  liner  is  carried  out  by  a  corner  of  the  piston.  In 
this  case,  the  vibrations  Intensify  compared  with  those  that  occur  if 
the  piston  scribes  the  liner  simultaneously  with  the  entire  generatrix 
of  its  outer  contour. 

As  studies  showed,  when  the  piston  weight  is  redistributed  between 
Its  head  and  skirt,  the  nature  of  liner  vibrations  is  modified.  Tests 
conducted  on  a  ICh  8.5/11  diesel  engine  (Table  12)  confirmed  that 
minimum  liner  vibrations  occur  in  the  absence  of  canting  of  the  piston 
relative  to  the  piston  pin  axis.  When  the  piston  weight  is  redistributed 
relative  to  the  pin  axis,  there  is  a  change  in  the  canting  moment. 
Similarly,  minimum  vibrations  are  observed  in  a  Model  Ch  8.5/11  when 
the  weight  of  the  piston  head  is  525  g  and  the  piston  trunk  weighs 
395  g. 
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Thus,  a  variation  in  the  ratio  of  weights  of  platen  head  to 
plcton  Bkirt  leads  to  a  significant  change  in  vibrations,  while  the 
overall  change  in  piston  weight  has  a  small  effect  on  the  intensity  of 
,  liner  vibrations. 

,  Reducing  the  somersaulting  action  of  a  piston  can  he  achieved 

also  by  increasing  the  piston  length.  Tabic  13  presents  data  on  the 
>  intensity  of  vibrations  on  several  models  of  engines  as  a  function  of 

the  ratio  ot  piston  diameter  to  piston  length. 

Table  13 t  Effect  of  Picton  Length  on  Range  of  Liner  Vibrations 


Key: 

1.  Diesel  engine  model 

2.  B6 

3.  Gh  10.3/13 

4.  Ch  8.5/11 

5.  D1548M 

6.  Piston  diameter  in  min'. 

7.  Ratio  cf  piston  length  to  piston  diameter 

8.  Range  of  intense  diesel  engine  vibrations,  Ka 

9.  To 

From  Table  13  we  see  that  for  a  long  piston  (D1548M  diesel  engine) 
the  vibrations  of  the  engine  become  low-frequency  as  a  result  of  the 
greater  area  of  piston  contact  with  the  liner  at  the  instant  of  slap. 

The  effect  of  increasing  the  length  of  the  piston  trunk  on  tho 
intensity  of  diesel  engine  vibrations  was  tested  on  a  Ch  8.5/11  diesel 
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engine  which  provided  an  indirect  estitaate  of  liner  vibrations.  Piston 
length  was  increased  from  112.. a  (series-produced  piston)  to  130am.  As 
shown  by  studier,  the  minirum  diesel  engine  vibrations  were  observed 

t  when  the  trunk  length  was  increased  by  9.  n  and  were  ll4db.  A  further 

t  increase  in  the  trvnk  length  led  to  a  rise  in  the  intensity  of  vibrations. 

Vibrat  ions  reaebt-d  a  level  of  120db  when  the  piston  length  was  130cku 

n 

,  [should  be  ram]  as  against  ilbdb  for  a  series-produced  piston.  This  is 

be  cauuo  the  increase  above  a  certain  limit  (121mm)  in  the  trunk  length 
increases  the  moment  canting  the  piston  and  causes  a  rise  in  the  level 
of  vibrations. 

The  canting  of  a  piston  during  impact  is  also  Indicated  by  the 
change  in  the  spectral  composition  of  the  vibrational  level. 

For  a  series-produced  piston  (I12rra) ,  the  highest  levels  of 
vibrations  are  observed  up  to  2000  Hz,  and  when  the  piston  length  15 
i21cm  -  only  up  to  1500  Hz.  As  the  frequency  and  amplitude  of 
vibrations  are  reduced,  the  acceleration  is  likewise  diminished,  which 
leads  to  an  abrupt  reduction  in  cavitation  damage. 

The  offset  of  a  piston  pin  has  some  effect  on  reducing  the  vibrations 
of  binders  and  blocks  it)  diesel  engines.  Changes  in  vibrations  for 
different  piston  pin  offset  values  were  tested  on  the  diesel  engines 
1  Ch  8,5/11  and  1  Ch  10,5/13,  A  special  piston  was  built  in  which  the 
piston  pin  axis  could  be  shifted  relative  to  the  piston  axis  by 
replacing  inserts  with  excentric  openings  for  the  pin. 

The  shifting  of  the  piston  pin  axis  relative  to  the  piston  axis 
(offsetting  of  the  piston  pin  axis)  changes  the  side  pressure  forces. 

An  additional  noment  appears  tilting  the  piston.  For  the  appropriate 
selection  of  the  offcct  value,  a  reduction  in  the  energy  of  impact  of 
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{.lie  piston  n'-clnut  the  liner  and  a  decrease  In  the  intensity  of  liner 
vibrations  can  be  achieved. 

■Table  14:  Vibration  Frequency  as.  a  Function  of  !.i’u  r  Thickness 

i  ------j 


Key: 

1.  Liner  thickness  in  rum. 

2.  Frequency  of  free  vibrations  Hz. 

3.  Vibrational  speed  in  cm/ncc 

4.  (Stiffness  ribbing) 

During  the  period  of  investigations,  Che  offset  value  was  varied 
within  the  limits  from  0.5  to  6 ora,  and  the  overall  vibrational  level  *■ 
by  3db. 

To  estimate  the  effect  of  cylinder  liner  ctiffneos  on  liner  vibration, 
teotB  were  nn,de  on  cylinders  of  various  thicknesses  and  on  cylinders 
fabricated  from  different  materials.  Before  the  beginning  of  the  aeon  tic. 
tests  of  a  diesel  with  different  cylinder  liners,,  the  free-vibration 
frequencies  of  the  cylinder  llnera  were  determined  in  at a tic  conditions, 
we  know  that  the  free-vibration  frequency  range  changes  with  changes  in 
structural  stiffness.  One  must  establish  how  the  material  and  chltskneus 
of  the  cylinder  Liner  affects  its  free  vibration®. 

An  increase  in  the  thickness  of  a  cylinder  liner  made  of  the  *aa,« 
material  leads  to  a  reduction  in  the  intensity  of  its  vibrations 


(Table  14)  in  spite  of  an  Incr  age  In  the  vibration  frequency. 

Teats  in  fell- size  coaditione  on  operating  dieoel  engines  that 
were  conducted  on  cylinder  liners  of  varioua  stiffness  values  confirmed 
the  static  teat,  rc/.ults.  Vibrations  of  the  cylinder  liners  decreased 
with  increase  in  thickness.  In  approximate  terms  that  can  be  assumed 
that  a  decrease  in  vibrations  as  the  thickness  of  cylinder  liners  Is 
increased  obeys  the  following  function: 

/  lul~  db  . 

Here  L,  and  are  the  vibrational  levels  tor  the  tests  and  the  rated 
cylinder  thicknesses.  and  Hj  are  the  t  it  and  rated  cylinder  liner 
thicknesses . 

From  these  data  it.  follows  than  doubling  this  cylinder  Liner  thickness 
reduces  the  diesel  engine  vibrations  by  an  average  of  3db  (that  is,  by 
nearly  half).  At  the  same  time,  when  the  cylinder  liner  thickness  is 
increaned  with  a  reduction  in  the  total  levels ,  the  vibrations  it  the 
high-frequency  spectral  region  becoue  less. 

A  typical  method  of  seating  a  liner  in  a  cylinder  block  is  the 
procedure  in  which  the  liner  -has  in  its  upper  section  a  shoulder  and  a 
guide  zone,  and  in  its  lower  section  -  a  second  support  zone  provided 
with  rubber  sealing  rings. 

Under  otherwise  equal  conditions,  the  liner  vibrations  will  be 
weaker,  the  shorter  the  span  between  the  support  zones  and  the  tighter 
the  seating  of  a  liner  In  the  block  at  the  support  zone.  Naturally,  a 
reduction  in  liner  vibrations  will  be  promoted  by  an  increase  in  the 
number  of  support  zones  (if  tight  seating  will  be  achieved  between 


them  and  the  block,  or  vhen  the  gnp  *s  much  smaller  than  the  amplitude 
of  the  11  ncr  vibrations)  and,  as  an  extreme  case,  fitting  the  liner 
vith  screw- type  cupport  projections  over  its  entire  height, 

Pigur*  44:  Cavitation  Damage  in  Specirr.nc  a6  e  Function  of  the 
GtpAh  r -'tween  T"'-  ;  for  Different  Frequencies  of  Exciting  Forces 
at  Constant  Acceleration: 


1  -  20  kHz  ?-  10  kHz  3-5  kHz 

Key:  A  -  G,  mg 

Cavitation  erosion  in  diesel  engines  is  somewhat  affected,  with 
the  liner  vibration  intensity  kept  constant,  by  the  design  of  the  water 
jacket,  and  above  all  by  the  thickness  of  the  water  layer  surrounding 
the  cylinder.  Not  only  does  the  flow  rate  of  the  water  depend  on  the 
distance  between  the  walls  of  the  liner  and  the  block  (the  thickness  of 
the  water  layer),  but  also  the  resilience  of  the  layer.  It  is  noted 
that  the  thinner  (beyond  some  limit)  the  water  layer  in  the  water  jacket, 
the  less  resilient  it  is,  Cavitation  erosion  occurs  more  intensively 
In  the  narrow  cavities  for  the  Bane  water  flow  rate  not  only  within  the 
cylinder  but  also  within  the  blocks.  This  becomes  especially  evident  at 
the  locations  of  support  zones  if  they  have  a  gap  sufficiently  large  that 
watsr  passes  through  it. 
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The  effect  of  the  resilience  of  the  water  layer  is  associated  with 
the  fai  t  the  water  layer  in  h.’Jq  thinner,  tensile:  omi  compressive 
etresr.en  are  preduod,  for  esr  viler  strains,  which  then  give  rise  to  the 
incept  if. i  end  coll..;se  of  cavitation  bobble?. 

Torts  made  on  fi'..V  showed  (Figure  44}  that  the  weight  loss  of 
aluainv  r  specimen;  Is  marked y  effected  by  the  gapAH  between  vibrating 
and  fined  (acting,  ay  a  shield)  specimens.  Teats  were  conducted  in  t«p 
water. 

The.  damage  intensity  curves  No.  1  and  2  plotted  based  on  data  of 
tests  at  20  and  10  1  Hz  have  a  we  Undefined  maximum,  however  this  occurs 
for  different  gape  between  vibrating  and  fixed  specimens. 

S.  1'.  Kozyrev  [23J  noted  that  the  presence  of  a  failure  maximun 
is  associated  with  the  natural  frequency  of  the  cavit'tioiz  bubbles, 
which  on  entering  into  resonance  with  the  frequency  of  the  exciting 
force,  collapse  more  intensively  and,  as  a  consequence,  more  strongly 
damage  the  coolins  surface.  The  corresponding  diameters  of  the  c.-  vi- 
tation  bubble  c*n  be  determined  frem  a  formula  derived  by  Sweet, 

.  O.f.ti 

;  * 

where  d  is  tha  diameter  of  the  cavitation  void  in  cm,  and 
f  is  the  frequency  of  the  exciting  force  in  kHz. 

The  diameters  of  cavitation  bubbles  capable  of  resonating  as  a 
function  of  excitation  frequency  wilL  be  as  follows: 

...  2  5  7  8  10  12  15  20  22 

...  3.3  1.3  0.93  0.82  0.6b  0.55  0.44  0.33  0.3 


f  in  kHz 
d  in  mm 


From  these  data  we  oen  that  for  vibrations  oi  liners  occurring  at 
frequencies  up  to  2  kHz,  evidently  one  must  not  expect  a  marked  effect 
of  reaonance  phenomena,  since  bubbles  this  large  (diameters  greater 
th.'n  3.3ir.:n  for  2  k:lz  and  below)  have  great  lift  ord  surface  without 
collapsing.  Therefore  the  effect  of  the  thicknepr-  of  the  water  layer 
in  the  jacket  is  associated  mainly  with  changes  in  layer  resilience. 
Moreover,  even  with  the  I-ibV  it  wsb  noted  that,  beginning  nt  excitation 
frequencies  of  4, 5  -  5kHz  and  below  the  damage  values  as  a  function  of 
the  gap  between  specimens  levels  off  (Curve  3,  Figure  44) ,  since  at 
this  frequency  the  resonance  cavitation  bubbles  are  more  than  lrnm  in 
diameter  and  surface. 

In  several  cases,  in  studies  made  on  the  MSV  the  data 
on  the  effect  of  the  gap  between  vibrating  and  fixed  specimens  do 
not  agree  with  the  acta  obtained  in  full-sire  diesel  engine  tests. 

Cn  the  MSV  the  failure  of  the  vibrating  specimen  (a  liner  analogue) 
incriapes  with  decrease  in  the  distance  to  the  fixed  specimen  (block 
analogue).  The  simulation  failure  of  these  tests  is  evidently  associated 
with  the  following  observations: 

1)  in  MSV  tests,  the  higher  vibration  frequency  was  directly  above 
the  intensity  of  the  cavitation  processes,  therefore  the  resilience  of 
the  water  layer  played  a  secondary  role;  and 

2)  a  flow  of  fluid  from  the  vibrating  specimen  to  the  fixed  specimen 
was  arranged  on  the  MSV,  which  altered  the  nature  of  the  pressure  distri¬ 
bution  in  the  zone  of  the  specimen  compared  with  the  actual  cooling  ayatam 
where  intense  vibrations  of  liners  caused  a  somewhat  different  distribution 
of  acouBtic  pressure. 
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Figure  4 fj ;  Liner  of  Diesel  Engine  with  Cavitation 
D...— Along  the  L^wer  Zone 


Figure  47:  Damage  to  Block  in  Lower  Zone 


Rep,odU»*oH«°^£li 
1  best  - - 


Intense  cavitation  d.  image  in  a  number  of  diesel  engines  in 
narrow  locations  (in  the  areas  of  the  seating  choulders)  at  times  leads  to 
cracha  in  lincro  and  blocks. 

Figure  45  shows  the  cylinder  liner  of  a  t>  Ch  15/lb  diesel  engine 
with  intense  cavitation  pits  along  the  lower  seating  zone,  indicated 
with  a/rows.  The  cavitation  pits,  up  to  i.5ma»  deep,  are  densely  scattered 
over  t.ie  surface  in  the  urea  of  the  lov?er  seating  zone,  where  after 
520  hours  of  diecel  engine  operation  in  a  truck,  a  crack  appeared  in  the 
liner  and  the  diesel  engine  malfunctioned.  Figure  46  shows  a  severely 
cavitated  lower  seating  shoulder  of  the  liner  of  a  diesel  engine  from 
the  SKL  (German  Democratic  Republic)  Diesel  Plant  having  run 

for  about  2000  hours  with  tho  gap  at  the  shoulder  of  about  3mm.  On 
another  liner  of  this  same  diesel  engine,  the  shoulder  shows  no 
discernable  traces  of  cavitation  damage  since  the  gap  was  much  smaller, 
1.2mm.  In  these  cases,  the  seating  zones  of  the  blocks  also  were 
attacked  besides  the  attack  In  the  liners. 


Figure  ^7  thows  with  an  arrow  significant  damage.  areas  in  the 
vicinity  of  the  lower  seating  zone  of  the  block  of  «  6  Ch  15/18  dteael 
engine. 

It  ia  slu>vn  by  operating  practice  cavitation  damage  tn  the  area  of 
the  upper  seating  shoulder  cun  prove  very  dangerous.  When  a  gap  u?  to 
Ir.i  is  present  between  the  cylindrical  sections  of  the  liners  and  th« 
blocks  beneath  the  upper  seating  shoulder,  intensive  cavitation  and  damage 
can  occur  in  the  location  of  intense  vibration,  both  In  the  liner  and  in 
the  block. 

21:  Effect  of  Cooling  System  Design  on  the  Cavitation  Erosion  of 
Liners  and  Blocks  in  Diesel  Engines 

Two  systems  of  liquid  cooling  are  used  in  diesels:  flow  type 
and  cl°*ed  tj*pc. 

The  flow  system,  fresh  water  or  sea  water,  after  cooling  diesel 
engine  parts,  arrives  at  the  overflow.  Contrasted  to  this  system,  in 
the  clrced  cooling  system,  water  beyond  the  engine  enters  a  heat  exchanger 

where  it  is  cooled  (with  water  or  air)  and  •  returned  again  to 
the  engine . 

In  both  the  flow  type  and  the  closed  cooling  system,  devices  for 
temperature  regulation  can  be  provided  so  that  the  temperature  of  the 
water  exiting  from  tha  engine  for  different  load  regimes  varied 
only  slightly.  To  do  this,  water  is  directed  in  two  directions  in 

the  flow  system  from  the  thurmoetat  (two* channel)  installed  at  the  outlet 
from  the  engine  to  the  overflow  end  along  a  diversion  pipe  back  to  the 
water  pump  and  to  the  engine.  In  the  closed  cooling  system,  the  thermo** 
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Gt-at  directs  the-  viator  also  in  two  directions:  t.o  the  hcat'-fcKchanger 
and  back,  to  the  online. 

When-a  d.1  e.j.-ul  ci.gir.r  is  bein'-  operated  at  low  loada,  ns  the 
amount  of  hen  givnn  c i.  ■:  into  the  t  -  t  cr  is  reduced ,  the  thcmal  regulation 
Gystt.'j  that  c.  ploys  recycling  most  of  the  water  passing  through  the 
engine  back  to  the  cngir.o  rust.  wait. tain  the  re  tired  temperature  level 
in  the  cooling  ayotem. 

At  the  p'. <  rent  time,  ccoling  cyntcxo  In  use  either  have  no 
r.Cirperuture  regulation  cyr.ti  :.i  whatever,  or  else  if  present,  they  exhibit 
a  decree  of  control  nonuni formi  ty  bo  high  that  during  the  operating 

time  at  low  loads  engines  prove  to  be  euporcool  <..d . 

A  key  disadvantage  of  the  flow  type  tystc.m  in  the  fact  that  when 
hilp»(r.fn  wntHT; ;  (w:ir )  rr  ?  f  •*.  \  *'  i }.  -*x:  i  oi ;  )  f.r?  so  rcsl  i-  du'.rcl  cvigir?;:, 

the  temperature  of  the  water  flowing  out  of  the  engine.  must  not  exceed 
50-5b°C  to  avoid  deposits  e  ■  salt,  (scale)  in  the  cooling  syote-a,  that  is, 
the  temperature  regime  that  is  most  d 5.  midvantagccuis  freui  the  start  point 
of  cavitation  damage  must  be  maintained.  In.  the  absence  of  a  temperature 
.regulating  system,  the  temperature  of  the  water  at  the  inlet  Into  o  diesel 
engine  fluctuates  widely  depending  on  the  navigation  condition*  of  the 
vessel  and  tlv  time  of  the  year,  the  diesel  engine  often  operates  super¬ 
cooled  and  es  a  result  gaps  are  Increased  and  the  level  of  liner  vibrations 
risen , 

Flowing  wile r  contains  usually  large  numbers  of  cavitation  nuclei 
i.t  the  form  of  bubbles  of  air  and  gas,  and  nlao  In  the  form  of  solid 
suspended  particles.  All.  this  makes  the  flow  typ«  cooling  system  unfavorable 


use  hnwki»wiiii'< 


with  recpect  to  cavitation  vroaion  of  cylinder  liners  and  blucke.  More¬ 
over,  vhcn  sea  water  is  used  in  a  flew  type  cooling  ays;  am,  all  the  water 
Jackotr  of  an  ermine  are  subjected  to  corroeive  erosion, 

r  oc-ntly ,  the  closed  cystc-a  of  cooling  is  finding  greater  uoe  in 
diecc.l  in  ir.ee  ol  all  typed  beginning  with  large  croci-.heed,  high-capacity 
englnm  down  to  a--,  .nil  onto. 

A  system  ir.  which  w/'ter  Is  pimped  from  the  water  cooler  into  the 
cylinder  Jackets,  and  than  arrivej  in  the  cylinder  ho;»d  and  cuvity  of 
the  exhaust  manifold,  and  then  hack  again  into  the  cooler  ia  the  mom. 
vidoiiprti.d  closed  ctoling  aystuc.  The  use  of  pure  water  with  minimum 
alkalinity,  acidity,  and  gas  content  in  the  system  reduces  the  rcalo 
deposits  and  diiaint oh<;e  corrosion  damage. 

However,  the  closed  system  of  cooling  will  be  effective  and  Justify 
itself  in  the  control  of  cavitation  erosion  only  ii  the  cooling  temperature 
regime  U  tiS  "  90°C  for  a  pro a cure  in  the  r.yttan  clooe  to  thu  atmospheric, 
1,1  -  L ,2  at®,  and  vhcn  the  cooling  temperature  regime  la  90  -  9SyC  for 
«  pressure  of  about  7.  atm. 

This  temperature  regime  must  be  maintained  when  the  diesel  la 
bair.g  operated  In  all  regimes.,  Hut  in  actual  conditions  in  many  cases 
when  diesel  enginca  ore  operated  at  low  loads,  the  temperature  in  the 
cooling  ay  stem  falls  to  4U  -  00°C,  that  ia,  down  to  a  temperature  that 
la  the  must  unfavorable  from  the  standpoint  of  build  up  of  cavitation 
erosion  processes. 

The  cooling  system  of  the  M50  marine  diesel  engines  was  modernized 
st  tho  Dnepr  Steamship  Company  for  hydrofoil  ships.  The  modernization  of 
the  cooling  system  consisted  oi  20  -  <*0%  of  the  water  pumpod  with  s 
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water  pump  irico  the  aft-jacket  space  and  its  bypass  back  to  the  intake 
connection  of  the  water  pu"n>.  This  made  it  possible,  first  o£  all,  to 
Shorten  the  diesel  engine  warm  up  time  and  to  raise  the  temperatures  in 
the  cooling  systen  by  3  -  5o0  for  rat.ed-power  operation,  which  became 
78  -  82cC  after  '-'CO  houra  of  operation  of  a  diesel  engine  with  modernized 
coo  liny,  system;  it  was  found  th.it  cavitation  erosion  to  the  cylinder  liners 
and  blocks  of  the  engine  va a  reduced  compared  with  the  damage  over  the 
Si.  '0  live  Interval,  but  v;ith  a  neriee-bui It  cooling  system.  After  900 
hours  o:  operation  in  series-built  M50  diesel  engines  in  the  Dnepr 
Steamship  Line,  pits  up  to  2  -  2.5msi  deep  appeared  on  the  cylinder  liners, 
while  with  the  modernized  system  damage  was  reduced. 

Personnel  at  northern  River  Steamship  Line  uBlng  3D6  marine  dieoels 
also  increased  the.  temperature  regime  iri  the  cooling  system  by  modernizing 
It.  Thi  r.odei Jo.,  of  U,~  cooling  system  consisted  in  bypassing 
30  -  00a  of  the  coolant  water  past  the  block  into  the  jacket  of  the 
exhaust  manifold.  'Ihic  measure  was  carried  out  by  Installing  an  idditional 
3/A”-(;cction  of  piping  from  the  water  pump  to  the  exhaust  wanifolu  cavity. 
Ao  a  result,  it  was  possible  to  raise  the  temperature  regime  for  3D6 
diesel  engine  cooling  und ,  as  a  result,  to  prolong  the  service  life  of 
cylinder  liners  in  the  diesel  engines  from  2000  -  0  00  hours  to  ftbOO  - 
3000  hours . 

The  measures  adopted  by  the  steamship  companies  made  it  possible  to 
raise  the  temperature  of  the  cooling  system  (In  all  velocity  and  load 
regimes)  and  to  reduce  cavitation  damage  to  Liners  and  blocks  in  diesel 
engines.  The  same  effect  could  have  been  achieved  by  improving  the 
temperature  regulation  by  increasing  the  proportion  of  water  bypassed  over 
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the  cooler  directly  Into  the  intake  mainline  of  the  water  pump. 

In  evaluating  the  effect  of  the  cooling  system  design  on  the 
cavitation  damage,  one  must  estimate  the  role  of  the  water  flow  rate 
in  the  cooling  cavities. 

The  flow  rate  in  different  uieael  engines  and  at  different  points 
in  a  ware-1:  cavity  of  the  came  diesel  engine  varies  within  the  limits 
0.2  -  l  .b.v/r.ec  and  c-nly  in  some  engines  docs  it  rise  to  8m/sec  at 
several  points.  Ac  shown  by  the  hydrodynamic  theory  of  cavitation,  this 
velocity  is  clearly  insufficient  for  the  initial  stages  of  cavitation  to 
build  up.  This  was  also  confirmed  by  experinentR  in  which  water  was 
pumped  through  the  engine's  forced  feed  cooling  3yatem  in  the  absence 
of  liner  vibrations. 

A  study  of  combined  effect  of  water  flow  rate  and  the  vibratory 
field  of  a  material  specimen,  using  a  MSV,  showed  that  a3  the  flow  rate 
of  the  water  ia  increased  the  damage  at  the  same  vibrational  level  rises. 
This  can  be  accounted  for  by  an  increase  in  the  flow  rate  (w  *  water) 
of  water  layers  with  respect  to  each  other  and  by  a  reduction  in  the 
rupture  strength  of  water,  The  rupture  of  water  and  the  implosion  of 
cavitation  bubbles  occur,  under  otherwise  equal  conditions,  with  lower 
vibro-activity .  When  vibro-actlvity  is  increased,  damage  becomes  more 
intense  (Kigure  48) . 

In  some  low-output  diesel  engines,  the  water  pump  capacity  can  be 
so  high  that  the  pressure  drops  In  the  water  system  at  the  locations  of 
water  inflow  into  the  block  will  tench  the  level  required  for  cavitation 
processes  to  occur.  With  the  water  pump  capacity  kept  unchanged,  this  is 
also  observed  in  downrated  diesel  engine  models.  The  presence  of  liner 


vibrations  will  promote  the  buildup  of  cavitation  processes .  Cavitation 
bubbles  arise  in  the  zone  of  minimum  prefigures  at  the  areas  of  water 
supply  narrowing,  and  on  entering  the  increased  pressure  zone  partially 
collapsing  in  the  erprnded  cooling  cavity,  damaging  the  cooling  surface 
both  in  the  block  and  in  the  liner.  The  damage  at  throe  locations  is 
eliminated  by  changing  the  cross-section  and  shape  of  the  inlet  and  outlet 
water  connections  ,>nii  by  changing  the  angle  of  inlet  and  outlet  inclination, 
that  is,  by  reducing  the  pressure  drop  in  the  nearest  cross  section  of  the 
water-inlet  and  water-outlet  channels. 

Figure  48:  Dependence  of  Cavitation  Damage  to  Specimens  on  the 
Flow  Rate  of  the  Fluid  and  the  Vibratory  Field. 


Key:  A:  E 

B:  v  ,  ra/sec 
w 

‘i  1 :  Effect  of  Diesel  Engine  Operating  Regime 

The  diesel  engine  operating  regime  affects  the  intensity  c<f  vibrations 
of  cylinder  liners  by  way  of  changes  (in  accordance  with  the  diesel  engine 
operating  regime)  in  the  clearance  in  the  piston-cylinder  group,  and  by 
changes  in  the  side  pressure  forces.  Increasing  the  rpm  for  n  specific 
dies  ;1  engine  is  reflect'd  in  a  change  in  the  side  pressure  forces  owing 
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::  >  n  rii-e  i;>  the  inertia  component  (the  overall  side  pressure  force 
!'  comes  :  .j.illrr) .  With  ati  increase  in  rpm  per  unit  diesel  engine  operating 
t!  r:  hur  oi  pi-  ton  impacts  against  the  cylinder  wall  rises  and 

•  to  t!  s  of  ir*.  .ose  cylinder  liner  vibrations,  leading  to  capitation 

■  tun, 

A  rj.-c*  in  the  site  pressure  force  as  a  function  of  the  extent  of 
chcngc  i;i  can  play  cither  the  principle  or  secondary  role.  The 

cju-’-lity  of  '■«•.  '<•.  cturc  regulation  of  the  engine  affects  tha  intensity  of 
t..vi  Uticii  .  ;oi!on  when  ulm  load  regime  Is  increased.  If,  for  a  reduced 
io >i  the  corpora  cure  of  the  water  In  tha  cooling  system  is  sharply 
1 .’tied,  then  as  the  load  is  increased,  the  temperature  regime  proves  to 
he  tore  optical  and  the  cavitation  erosion  becomes  less.  Experiments 
tl.a..-ed  t>  ai.  in  iaoiiel  Co  10.  3/13  diesel  engines  (with  aluminum  pistons)  a 
Vise  in  the  load  is  accompanied  by  a  reduction  in  cavitation  damage,  but 
in  model  Cii  15/18  diesel  engines,  in 'contrast,  by  greater  damage. 

An  increase  in  the  rpm  in  all  cases  must  lead  to  greater  dam; ge 
pur  unit  diesel  operating  time.. 

Figure  AS)  presents  n  nomogram  for  estimating  the-  vibro-activity 
of  diesel  support  flanges.  The  level  of  main- frequency  and  high-frequency 
caured  by  opor'-tion  of  the  piston-cylinder  group  and  transmitted  from 
thu  diesel  engine  block  to  Che  support  flange  ia  determined  with  the 
nomogram  at  the  point  aC  which  the  lines  of  power  and  uieuei  engine  rpm 
intersect  with  the  inclined  line  characterizing  the  vibrationo  of  th« 
diesel  engine  block.  The  vibrationa  arc  read  off  upward. 
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Figure  49:  b'o.-.ogram  tor  Calculating  the  Vibration  of 

Engine-.  Bedplate, 
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C:  n,rpm 

D:  G,  kg 


From  the  nomogram  we  see  that  the  total  level  of  diesel  engine 
vibration  increases  with  an  increase  in  the  rprav  and  on  the  average  this 
total  rises  by  l  db  per  each  100  rpm  for  the  high-speeci  diesel  engines. 
Vibrations  increase  by  0.4  db  for  this  case,  with  &  two-fold  rise  in 


i  r.r. 


power 


Figure  50:  Vibration  Spectra  of  the  6  Ch  15/18 
Dieoo.l  Engine  Block 


:  A/sw  i 
i 


Figure  50  shows  the  vibration  spectra  of  a  6  Ch  15/lb  diesel 
engine  block.  Curve  1  characterises  the  vibration  spectrum  at  1000  rpm 
with  a  10';  load,  and  Curve  2  -  the  spectrum  at  1500  rpm  with  a  1007. 
load.  Vibrations  of  liners  and  blocks  increase  as  the  cooling 
temperature  is  lowered. 

25:  Effect  of  Properties  of  Coolant  Liquid  on  the  Intensity  of 
Cavitation  Damage 

It  was  experimentally  observed  that  the  frequency  of  turnover  of 
coolant  water  in  a  diesel  or  water  in  which  tests  are  conducted  on  a 
MSV  affects  damage  intensity. 

When  long-term  experiments  were  conducted  for  a  number  of  hours  in 
the  6ame  water,  damage  occurred  somewhat  slower.  The  experiments 
conducted  in  which  water  was  periodically  changed  show  that  cavitation 
damage  intensifies  with  respect  to  experiments  conducted  in  the  same 


water 


The  buildup  in  cavitation  dntu.ge  in  replaced  water  can  be  accounted 
for  by  the  pretence  in  It  of  a  larger  amount  of  dissolved  air  than  in 
the  water  fro:.',  v/hich  dissolved  gases  and  air  have  already  evolved. 


Figure  51:  Effect  of  Frequency  of  Water  Replacement  on 

the  Failure  ot  a  Cast-iron  Specimen  Tested  on 
a  18.5  kHz  1-3V  (S  -1370,  Surface  Finish  V3)  : 


1  -  and  3  -  Water  it:  not  changed 

7.  -  and  4  -  Water  is  changed 

\  -  and  ?.  -  T-15°C 

-  and  4  -  T=65°C 

key:  A:  t,  hours 

S:  AG>  f. 

Air  dissolved  in  water  reduces  the  strength  of  water,  which  then 
leads,  for  the  same  vibration  amplitudes  and  frequencies,  to  the  more 
facile  formation  of  vapor-gas  bubbles.  Conversely,  a  sharp  rise  in  the 
number  of  air  bubbles  in  water  leads  tc  an  increase  in  its  resilience  and 
hampers  the  collapse  of  cavitation  bubbles. 

Prior  treatment  of  water  when  it  is  warmed  and  sound-irradiated 


reduces  the  intensity  of  cavitation  damage 


Fi i .01  show::  the?  change  in  the  weight  looses  oi  specimens 
as  a  funct  on  of  test  duration  for  different:  temperatures,  in  which 
water  war  r<\. laced  and  in  which  wetur  was  unclumgcd  during  the  experiments • 
The  curve:'  in  this  fi-urc  show  tint  the  dcrigo.  intensity  depends  on 
tt  nnerature « 

For  O'  riments  in  water  whose  temperature:  was  kept  at  15-  and 
65°C,  water  replacement  was  shown  to  have  ■in  effect.  It  was  found 
that  the  slope  of  the  curve  characterizing  damage  when  water  was  changed, 
compared  to  curves  obtained  in  experiments  usieg  the  arm  water  is  5° 
higher  and  remains  unchanged  for  different  water  temperatures.  On  this 
basis  the  intensification  of  damage  c.'sn  be  determined  for  cases  in 
which  water  was  changed . 

Frcm  Figure  52  ve  see  that  the  build  up  in  damage Ag  is  the 


diiference 


A'J  o' l  -  o”  ■■  ' 


where  G*^  and  G'  are  the  damage  luc  unities  in  replaced  and  unreplaced 


water. 


Assuming  that  Of  =  /3  •+  5°,  we  get 


The  ratio 


.  I  *.*  i  • 


for  a  given  coolant  water  temperature  remains  constant  and  can  be  taken 


as  the  coefficient  k^.  Then  an  increase  in  the  intensity  of  damage  to 
a  surface  for  the  same  duration,  under  otherwise  equal  conditions. 


expressed  in  grams,  will  be  as  follows  for  the  case  of  periodic 
water  replacement: 


Ag=  kiG1. 

* 

Thua,  the  coefficient  k^  is  a  function  of  the  coolant  liquid 
tfvaperat urv  since  the  damage  at  different  temperatures  differs  (the  slope 
of  the  curves  is  different)  and,  therefore,  the  slope  data  of  these 
curves  is  aLso  different. 

The  total  weight  loss  for  damage  in  replaced  water  Is  found  as 
the  sum 

G'i  -G'  +V  -G'  (1  Hc^. 

Figure  52:  TW^gi-am  for  Calculating  Damage  Xncre..»ei 


1  -  Water  unchanged  2  -  Water  changed 

Key  A:  key,  hours 
B:£G,  g 

The  slopes  of  the  damage  curves  for  different  temperatures  were 
taken  from  materials  of  the  preceding  sections  of  this  book.  Th 

1 ,-n 


coa  f  fioi i» u ■-  calculated  based  on  the  cxper lments  conducted  arc  listed 
In  Table  15. 

Fr.  i  th  -.c  dot  ’.  It  follows  that  in  the  temperature,  regimes 
cor.re.ap:>  -  l:-,  to  th.:  r.'-,in-.3s  ot  dic.-el  eugiti.-.n  with  the  flow-type  cooling 
system  ( l 1  ■■  i-0°c\  i-rca-fise#  of  cavitation  d  .mage  intensify  by  20  -  23/i. 

The  1  iphe-et  ini:-  mliicatiou  oL  cavitation  occurs  at  low  temperatures 
enrrespi  ■  .* ;.  rg  to  ttuvdv;',  regimes.  It  i6  typical  to  note  that  in  the 

n 

high  tcv  r.ituro  ran.:,  fl.r>  -  90'C,  the  process  slows  down  at:  atmospheric 
pressure,  r.n.l  is  cqu^t  :d  to  the  process  occur inp  in  water  that  has  lost 
Ite  dissolved  air. 

Table  15:  Coefficient 
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Key:  l.  Temperature  of  water  in  °C 
2.  Angle  fi 

The  effect  of  the  water  temperature  on  cavitation  damage  is  caused 
mainly  by  changes  in  the  saturated  vapor  pressure. 

It  bears  noting  that  oxygen  is  the  most  corrosive  component  affecting 
a  buildup  in  damage.  Figure  53  shows  the  dependence  of  damage  on 


purging  of  water  with  various  gases.  The  greatest  damage  results  when 
water  is  swept  v 1th  oxygen  (Curve  1).  This  damage  ia  much  more  intense 
than  i’-.u.igo  In  i;-p  water  (Cave  2).  Sweeping  water  with  gas  on  that  do 
not  intensify  the  oxidation  of  and  C0o  leads,  conversely,  to  a 
weal  ••  i!n:»  of  c  tv  i  tat  ion  da...t.c. 

In  those  c  -•:»  a  when  the  i  icerial  d-"-:.;gcd  by  cavitation  is  subjected 
to  oxidation  ().<••  cm-.pls  alloy  steel)  even  sweeping  water  with  oxygen 
reduces  the  cavitation  inter'll!  v  (Hgvire  54).  Here  the  presence  of 
gases  in  water  increases  itr-  tittuping  properties  and  compressibility. 
Figure  5b  shown  Lh.r  rate  of  damage  for  steel  60  as  a  function  of  the 
frequency  of  specimen  vibrations.  The  effect  of  the  presence  of  oxygen 
in  water  begins  to  become  evident  at  the  frequency  2 .5  -  3  kHz,  that  is, 
precisely  in  the  frequency  range  at  which  oxidation  processes  begin  to 
become  evident  in  cavitation  damage.  Generally  only  mechanical  factors 
affect  damage  in  the  lower  range  of  vibration  frequencies. 

If  a  material  is  weakly  affected  by  oxidation  (Figure  56),  the 
presence  of  oxygen  in  water  is  equivalent  to  the  presence  of  any  c  :her 
ga«  in  water  and  docs  not  intensify  the  damage  process  even  in  the 
high" frequency  range,  10  ~  20  kHz. 

It  is  useful  to  examine  in  closer  detail  the  effect  that  oxygen 
dissolved  in  water  has  on  the  damage  suffered  by  materials  used  in 
diesel  engine  building. 

Verification  of  the  effect  that  the  oxygen  content  has  on 
cavitation  damage  was  conducted  on  aluminum  and  cast-iron  specimens 
30mm  in  diameter  on  a  MSV  in  tap  water,  distilled  water  and  also  in 
high-purity  water  (high-purity  water  is  distilled  water  purified  in 


a  K1  5  ion-exch  •  filter,  ensuri up  total  removal  of  oxygen  from 
water).  The  sp  •  e Lueun  were  tented  in  a  hi.rneticv. I ly  tcaled  bath  with 
steady  water  renl  •  >:<  nvuit  in  the  bath  evrry  15  minutes .  The  specimens 
were  i-iied  ev.  :  y  hour  of  operation.  The  water  teaionratur s  was  kept 
const,  it  in  the  of  lit  -  2G°C.  La-ring  the  investigation,  a 

tegular  stm lyai'-  r.  r;  wade  o j  eater  for  oxygen  content,  ^Table  16), 


Figure  V>:  Dasiage  to  Steel  60  in  Water  Saturated  With 
Various  Gases  (f:'10K*iz,  A*=G.0?.‘>;  n,  p“l  atm, 
and  C'  :5  Volume  rii-v  50  ml /win) 
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1  -  0^  2  -  Without  gc.o,  sweeping  3  -  Nj  4  -  C6>2 


Key:  A:  ^g,  mg /hr 
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D.-ni.i,-.'  t-  3 r.<; e I  i'Ji  12  CrNil-'l  in  Water 

Satur-iti-d  v-  ■'  Ci  !x  (i  ~  19  h!‘  A  *-  0»02v:..ri, 

p  1  ati:  ,  and  Cji  Volu  I'j  Hoi/  5C  ml/ain} : 


1  -  Without  t.-»3  uwcepinK  2  -  N-,  3  -  0,  A  -  CO 

*-  i. 

!>>■;  A:Ai;,  r;;/i,r 


I' itjUrii  33:  effect  of  C's  Content 
in  Cater  on  the  1; .  ;  in  St'. el  00 

aft  *  Function  of  the.  Vibration  Krc • 
(jooncy  (A  "  0,0/3  p  ^  1  atm, 
t  ”  33°C,  .'ind  CJ-'i  Vo  1 i  ';.e  FI yv 
50  ul/ruln: 


1  -  0 


2  -  Without  gii«  «i weeping 


Kuy  A:  /^g,  rop/hr 

I) :  !,  MV 


4  -  C0? 


^1*^^  -Ifffi  I  ->v 


Figure  56;  Hif~.cc  of  Gar,  Content  in  V.'it.or  on  the  Damage  to 

the  Hr.eel  I'J.  VI  Cr!J1188  a  Function  of  Vibration 
ri '■•  ;-.n-ncv  (A  •  O.C25mm,  p  »•  1  atm,  t  *  33  C,  end 
G.i"  Volume  Flow  50  al/icin): 

,  '  i  ; 

a:  i 


.  -■/ 


a 


1  —  Without,  b**u  c wo 1  pi  /  »•  3  •*  0^  A  —  G*.*^ 

Fey  A:  A,;,  cr, /lu¬ 
ll:  t,  kHz 

Figure  5/,  a  mid  b  b  -*i&  the  intensity  of  cavitation  damage  to 
aluminum  ;.rid  cast  iron  ax  *  function  of  the  oxygon  content  in  water. 

Testu  nhowtil  that  the  i’n.i  lacurution  of  water  ha#  different  eJ  facto  on 
the  lute:. 'Ally  of  cavlt.it  Ion  damage  oi  cewt  iron  and  aluminum. 

Purifying  water  of  oxygon  nakew  it  poouible  to  elgnificantly  reduce 
cavitation  damage  to  cm.t  iron  upocimone.  In  tup  water  the  damage  uau 
approximately  13*  17  mg/hour,  vtiilo  in  din  l  Hind  water  it  uvt  3-0  mg/hour 
and  in  high-purity  water,  3  -  A  mg/hour.  The  nature  oi  the  otooion 
damage  to  n  iiamplo  outface  also  varied.  The  aurfuce  ol  a  #«iapLe  teatcoi 
In  tap  water  v;  n  coated  with  plLn  up  to  lean  in  diameter  and  (i.h  st*u  in 


cl  c. ; '  ';■ ,  and  K^r'-  .-'.  uni  for:'  l.-iyer  of  ton  os  Lon  products.  The  corrosion 

1  u: ra  were  ec-plctoly  oh.ioat.  021  the  surface  of  the  specimen  tested 
is-  .  h-purit;'  wer.  The  erosion  pits  were  not  more  than  O.'/i.m  in 

d  j .  *;.r,  tint.  i:,f  'j  tir.e.;  trial  let*  then  in  tap  water,  and  at  a  depth 
o-  j.  Th  :.n  u.-sults  con  «. -.pond  to  the  data  presented  in  the  study 

I’-.'.vitr,  in  thin  ctc-Jy  no  conoid. .ration  was  fciv'on  to  the  corrosion 
,  which  •  ;.‘Uu  1  ly  heco.-s.es  manifest  wlien  c.sot  iron  was  touted 
in  hi;;i, -parity  Slid  if-  not  coated  with  corrosion  products  in 

thin  hir.l  of  Wilts  r  and  its  weight  iocs  is  0  dial  lev  than  in  tap  water. 

Fij  arr  !»7  :  D.',r  to  Spools  -.m  lis  Via  ter:  a  -  Ch  24  -  44 
Cant  Iron;  b  ~  /1I/1  (Aluminum  Alloy) 


L  -  Tap  Writer  1  -  Uistillod  water  3  -  Hi;,h-purlty  water 

Key  A: /*  («’, 

fl;  1  ,  liouru 

Kxpariwuntu  rhnwud  that  the  eisuct  ol  the  yas  saturation  of  liquid 
on  erosion  darr-a;;.-*  cannot  be.  considered  apart  from  chemical  activity  anil 
the  corrosion  laiilalaiice  oi  a  t-.a  trial.  TMi  In  confirmed  by  the  fact 
that  when  cor.* idor.ibl v  amounts  of  j^as  arts  present  in  a  liquid,  the  force 
of  the  hydraulic  impact  acifcitig  lions  the  implosion  ot  cavitation  bubbles 


r*rim»r.  ** 


decreases,  that  Is,  the  gas  contained  in  the  liquid  and  in  bubbles 
hn&  b  damping  action  on  the  collapse  of  the  bubble  and  does  not  permit 
it  to  completely  break  down.  Thia  ia  moat  characteristic  for  aluminum 

*  alloys .  Tecta  of  alur.innro  specimens  in  distilled  water  and  in  high-purity 

•  w.tev  form  cavities  in  the  metal  1%  to  2  times  deeper  than  in  tap  water 

,  cc  ntaining  large  gas  content. 

Table  16:  G:. u  Content  in  Water 

- :T... 

.  I  . 

*V*  | 

I  \ 

'  ;  l»A  i 

i  f 


Key : 

i.  W.iiter  characteristics 
7.  Alt:  content  in  n.g/1 

.  Oxygan  concent  in  mg/1 

••  •  r  o 'i  t 

ii ,  Dl.BBolved 
4',  Tap  water 

i .  Li  m  illed  water 
8,.  High-purity  water 


It  must  be  noted  that  damage  to  aluminum  in  distilled  voter  and 
in  high-purity  v.itur  also  dlfiore  compared  to  cuch  other,  although  to 
a  leaner  extent  than  this  daivgu  differs  in  tap  water.  Weight  losses 
and  dimensional  changes  in  pitting  damage  In  high-purity  wutjr  proved 
to  he  somewhat  greater  and  more  localized,  This  indicates  tha  predomi¬ 
nance  ol  mechanical  factors  of  attack  in  tills  situation.  Mechanical 
d uiua go  le  somewhat  l.eso  in  dicrilled  water,  hownver,  here  the  chemical 

1<  7 


V»»nOf/r-v- '  vTV~r 


processes  occur  nor*  actively,  where  the  oxide  film  in  distilled  water 
proves  to  be  twice  «s  large  in  area  than  in  high' purity  water. 

Cant  irc-'-i  i*  a  stronger  material  aud  at  the  seci-s  time  has  a  lower 
corrosion  resistance.  boring  testa  made  in  high-put ity  water,  the 
cavitation  of  cast  Iren  proved  to  be  four  tinea  less  than  in  tap  water. 

When  a  vapor-pas  bubble  collapses,  the  air  contained  in  It  is  heated  to 
a  high  temperature.  The  presence  of  high  temperature  and  high  oxygen 
content  in  water  (the  air  dissolved  in  the  water  is  somewhat  richer  in 
oxygen  than  atmospheric  air)  promotes  energetic  oxidation  processes 
during  cavitation. 

In  the  cLosure  and  collapse  of  cavities  formed  in  high-purity 
water,  the  strength  of  the  hydraulic  impacts  is  commensurable  with  tho 
strength  ot  cast  iron,  85  kg/mm~.  The  closure  of  vapor-gus  bubbles 
formed  during  cavitation  in  tap  water  reduces  th«>  force  of  the  hydraulic 
impact  which  are  commensurable  only  with  the  strength  of  aluminum  15  -  20 
kg/nm/' , 

A  study  ot  the  effect  that  the  gas  saturation  of  liquid  has  on 
cavitation  erosion  during  accelerated  teats  on  magnetoatrictive  vibrators 
suggested  preliminary  conclusions  on  the  usefulness  of  conducting  full-size 
teat.*  on  diesel  engines  using  degassing  of  water  for  engine  cooling 
systems  cade  of  different  construction  materials. 

The  viscosity  of  the  coolant  strongly  affects  all  physicochemical 
processes  occuring  In  it.  First,  of  all,  the  compressibility  of  the  fluid 
and  forces  of  Interaction  of  the  molecules  In  the  medium  change.  All 
these  quantities  affect  cavitation  and  cavitation  damage , 


Let  us  consider  the  effect,  that  the  viscosity  of  the  medium  has 
oti  cavitation  J .ir.oge  only  with  respect  to  the  damage  to  the  slip 
bearings  lubricated  with  oils  of  different  viscosities .  Changing  the 
viscosity  of  a  fluid  in  diesel  engine  cooling  systems  by  using  anti'*' 
freezec  ar.t  other  fluids  more  viscous  than  water  is  not  justified. 

Figure  58  shows  a  curve  characterizing  the  damage  to  babbitt 
resulting  from  the  viscosity  of  oil;  oil  viscoscity  is  regulated  by 
temperature.  With  an  increase  in  viscosity,  the  damage  becomes  less, 
since  it  is  difficult  to  rupture  the  fluid  at  high  viscosities. 

A  study  of  the  effect  that  the  viscosity  of  a  medium  has  on 
cavitation  damage  to  different  bearing  materials  (A92  aluminum  alloy, 
lead  bronze,  and  Ek-2  Babbitt)  shows  that  aluminum  alloy  proved  to  bo 
the  most  resistant  material  to  cavitation  damage  in  oil.  lists 
characterizing  damage  in  terms  of  the  cavitation  pit  depth  In  different 
materials  in  Ml2b  oil  at  60°C  with  n  viscosity  of  44 .7  centlstokes  in 
1.5  -  hour  tests  on  a  MSV  were  as  fellows:  Bk-2  Babbitt  was  damaged  to 
a  depth  of  0.6mm  during  this  time,  lead  bronze  •  to  a  depth  of  0.2mm,  and 
aluminum  alioy  -  only  to  a  depth  of  0.09mm. 

The  viscosity  decreases  and  damage  intensifies  with  increase  in  the 
temperature  oi  a  medium.  Thus,  then  the  temperature  is  raised  from 
60  -  90°C,  the  intensity  in  damage  increases  roughly  by  twofold.  The 
temperature  dependence  of  oil  viacosity  is  shown  In  Table  17. 

24:  Preliminary  Evaluation  of  Factors  Determining  the  Overall  Damage  in 
Diesel  Engine  Cavitation 

Experimental  idles  conducted  in  the  TsHXDX,  (Central  Scientific 


mtKHVmtrr" 


P-ssearch  Diesel  Institute] and  a  generalization  of  reaearch  studies 
[>s  21  j  35j  show  that  cavitation  damage  to  the  aur faces  of  Liners  and 
blocks  swept  By  coolant  water  in  c'.ost  cases  results  from  the  combined 
action  of  ithanical  ami  electro-chemical  factors. 


Figure  58:  Cavitation  Damage  of  Babbitt  as  a  Function 
of  Oil  Viscosity: 


-&M14V  oil 


D MS-20  oil 


©DP-11  oil 


Key:  A;/\G,  mg 

B:  Centietokei 


Table  17: 


Kinematl:  Viscoeity  of  Oils  in  Ccntistokes 
at  VarioiB  Temperatures 
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Figure  59  chows  the  overall  specimen  damage  curve,  plotted  in 
coordinates  of  weight  iosr  end  frequency,  with  the  vibration  acceleration 
kept  constant.  Also  plotted  in  this  figure  are  approximate  data  on  the 
components  of  overall  damage,  mechanical  and  electrochemical  factors*. 

At  point  A'  in  Curve  2,  the  damage  was  obtained  on  a  magnetos trictive 
vibrator,  and  at  point  A"  in  Curve  3  -  the  weight  lo68  was  for  the  same 
specimen  as  at  point  A'  but  after  the  specimen  had  been  cleaned  free  of 
corrosion  products  in  an  oil  bath  with  an  ultrasonic  device. 

The  damage  at  point  B,  C,  and  D  in  Curve  1  were  obtained  with  a 
magnetostrictivc  vibrator.  Washing  the  specimens  in  an  oil  bath  did  not 
produce  decrements  to  the  weight  loss . 


Figure  59;  Specimen  Damage 


l  -  Total  damage  2  -  Due  to  mechanical  forces  3  -  Due  to  electrochemi¬ 
cal  processes 

Key:  Ja  Ac,  g 

JLl  f*  kn* 

At  the  pelnt  B' ,  C',  and  D'  the  weight  values  were  obtained  by 
weighing  cried  remain#  of  metal  particles  precipitating  in  the  water 
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during  the  specimen  damage  process,  and  at  points  BM,  C",  and  D"  - 
by  filtering  the  corrosion  products  from  the  water.  Particles  pre- 
clplcat ing  were  rot  taken  Into  account.  In  plotting  the  curves,  no 
consideration  was  given,  either,  to  the  fact  that  the  electrochemical 
processes  promote  more  intense  mechanical  damage.  Therefore  these  data 
must  be  regarded  as  approximate. 

From  preliminary  data  (Figure  59) ,  it  follows  that  in  the  region 
up  to  2000  -  3C0Q  Hz,  the  chief  factor  in  the  overall  damage  is 
mechanical,  that  is,  damage  occurs  mainly  due  to  the  mechanical  separation 
of  metal  particles  under  the  effect  of  the  shockwave  formed  during  the 
Implosion  of  the  cavity.  In  this  vibration  frequency  range  the 
cavitation  cavities  formed  due  to  the  separation  of  the  liquid  are 
relatively  large  and  attain  a  radius  of  a  tenth  of  a  millimeter.  Upon 
collapse  of  a  cavity  ot  large  initial  volume,  very  high  pressures  build 
up  in  it  capable  of  breaking  apart  tuetal  particles.  The  cyclicity  of 
cavity  formation  is  directly  proportional  to  the  vibration  frequency  and 
is  relatively  low.  Here  the  high  temperatures  building  up  in  the  cavity, 
in  turn,  being  responsible  for  electrochemical  processes,  are  able  to 
be  sharply  reduced  owing  to  heat  removal  into  the  ambient  medium  considering 
the  low  cyclicity  of  the  process  and  the  relatively  small  number  of 
large  cavities.  Therefore,  even  though  the  electrochemical  process  is 
observed  in  the  vibration  frequency  range  up  to  1000  -  3000  Hz  it  does 
not  have  an  appreciable  effect. 

Upon  inspection  of  the  liners  of  several  diesel  engines  which 
vibrated  within  the  limits  1000  -  3000  Hz,  it  was  noted  that  after  300 
and  300  hours  of  operation  an  even  thin  coating  of  corrosion  products 


appeared  on  tholr  surfaces  and  only  scattered  points  in  the  damaged 
surface  had  damage  areas  relatively  free  of  corrosion  products. 

Thus,  an* apparent  contradiction  is  in  effect.  Initially  the 
studies  stated  that  in  this  frequency  range  the  electrochemical  factor 
plays  a  secondary  role  in  failure.  On  the  other  hand,  inspection  of 
liners  and  blocks  of  diesel  engines  indicates  the  clear  presence  of 
corrosion  products. 

The  electrochemical  process  does  tiot  play  a  substantial  role  in 
damage  to  cylinder  liners  and  blocks  either  in  a  gravimetric  sense,  cr 
by  forming  deep  pits.  Mechanical  damage  in  this  range  of  vibrations 
many  times  exceeds  electrochemical  damage.  But  the  presence  of  an 
even  layer  of  corrosion  products  is  due  only  to  the  fact  that  here  there 
Is  no  cleaning  of  the  surface  free  of  corrosion  products  by  means  of 
acoustic  vibrations.  The  effect  of  acoustic  vibrations  on  surface 
cleaning  shows  up  in  the  higher  frequency  range. 

Fractionation  of  cavitation  cavities  occurs  in  the  range  of 
high  vibration  frequencies,  5000  -  20,000  Hz  with  voids  produced  in 
the  liquid.  As  shown  by  high-speed  motion  picture  photography  and  visual 
observation,  cavitation  cavities  become  very  tiny  and  their  initial 
diameter  is  only  thousandths  and  millionths  of  a  millimeter  which  is  many 
times  smaller  than  the  diameter  of  cavities  in  low-frequency  vibrations. 
This  phenomenon  (fragmentation  of  cavitation  cavities)  is  due  to  the 
emulsifying  of  liquids  when  exposed  to  ultrasonic  vibrations.  Here  the 
number  of  vapor-gas  cavitation  cavities  is  very  large  and  they  are  ob¬ 
served  in  the  form  of  clouded  areas  in  the  vicinity  of  the  vibrating 
surface.  Individual  cavities  cannot  be  seen  And  photographed  without 
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high  magnification.  As  a  result  of  the  very  low  Initial  volume  of 
the  cavities,  when  they  implode  lower  pressures  build  up  in  them  than 
the  pressures. which  are  attained  in  the  implosion  of  large  cavities  in 
low-frequency  vibrations,  end  therefore,  tlicir  kinetic  energy  Is  less. 

The  hydrodynamic  theory  enables  us  to  estimate,  to  the  first 
approximation,  the  kinetic  energy  Tr  in  the  imploeion  of  a  cavity  in 
terms  of  its  initial  diameter 

,r  4  i 

r,  -o-  ~-  3  -tpre, 

where  r  is  the  initial  greatest  radius  of  the  cavity, 
o 

Thus,  in  the  collapse  of  a  email-volume  cavity  the  impact  force  la 
less.  Because  a  large  number  of  cavities  implode  in  a  limited  volume  of 
the  liquid  adjoining  the  surface  of  the  vibrating  part  the  removal  of  the 
heat  given  off  in  cavity  implosion  ia  hindered.  The  temperature  of  the 
medium  in  this  volume  rises.  The  hydraulic  impacts  induced  during  the 
closure  of  each  of  the  cavities  at  the  talcvoeurfacea  can  form  mic  ‘o- 
coupler.  with  very  low  internal  resistance.  As  a  result,  an  inten.  e 
electrochemical  process  of  the  erosion  of  the  part  can  occur,  which 
based  on  the  data  in  brackets  [l 7 ,  59]  Is  aggravated  by  the  facile  damage 
to  the  oxide  film  by  the  mechanical  action  of  the  forces  induced  in  the 
implosion  of  cavities  when  the  surface  is  undergoing  high-frequency 
vibrations . 

Thus,  in  high-frequency  vibrations,  together  with  mechanical  erosion 
in  the  overall  process  of  cavitation  damage,  electrical  erosion  can  be 
more  strongly  evident. 

The  absence  of  corrosion  products  on  the  damaged  surfaces  of  parts 

(in  particular  in  diecel  engines)  subjected  to  high-frequency  vibrations 
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la  accounted  for  by  the  tact  the  corrosion  products  are  cleaned  off  the 
surfacoe  into  solutions  upon  exposure  to  high-frequency  vibration.,  The 
corrosion  products  can  be  separated  from  the  water  by  filtration. 

Based  on  ths  data  given  in  [30^,  the  temperature  of  gas  within 
a  cavity  T  max  can  reach  very  high  values  and  is  determined  by  the 

o 

following  expression: 


[e  *  endT] 

Here  Tq  is  the  initial  temperature; 

Y  is  the  index  of  the  cavity  compression  adiabat; 

P  and  P  represent  the  pressure  at  the  beginning  and  the  end  of 
o  e 

couipiession. 

Since  an  exact  measurement  of  temperatures  In  the  microvolumes  of 
water  thus  far  cannot  be  achieved  owing  to  the  high-frequency  nature 
of  the  process  and  its  instability.  It  is  very  difficult  to  estimate  the 
true  temperatures  during  the  closure  of  cavitation  cavities. 

However,  indirect  observation  show  that  the  temperatures  developing 
in  nsicrovolumes  are  700°C  and  higher.  This  can  be  estimated  by  the 
flashes  of  powder  particles  introduced  into  a  cavitating  volume  of  water 
(the  powder  ignites)  and  by  the  opalescence  colors  which  accompany  the 
Initial  stage  of  damage.  The  opalescence  colors  are  clearly  discernable 
in  diesel  engine  blocks  made  of  aluminum  and  cast  iron,  and  also  for 
steel  and  chrome -pi a ted  steel  liners.  Further  investigations  will 
doubtless  represent  the  pattern  of  damage  in  various  diesel  engines  with 


different  frequency-amplitude  characteristics ,  more  exactly,  which  in 
turn  will  determine  vall-dcfincd  ways  of  protecting  diesel  engines 
against  cavitation  damage, 

CHAPTER  FIVE 

METHODS  OF  REDUCING  CAVITATION  PROCESSES  IN  DIESEL  ENGINES 

25:  Design  Methods  of  Decreasing  Vibrations  in  Diesel  Engine  Cylinder 
Liners 

In  diesel  engine  design,  special  attention  must  be  given  to 
eliminating  vibrations  in  cylinder  liners  or  decreasing  their  intensity 
to  allowable  limits  (18  -  20g) . 

It  is  always  more  rational  to  eliminate  the  sources  leading  to 
cavitation  processes  in  diesel  engines  than  to  find  ways  of  controlling 
their  arteref fects . 

Let  us  examine  what  then  are  the  main  design  procedures  for  reducing 
cylinder  liner  vibrations. 

The  most  effective  means  of  re<  ucing  the  energy  of  piston  impact 
against  the  cylinder  wall  is  to  decrease  the  gap  between  the  piston  and 
the  cylinder  liner. 

In  estimating  the  required  gap  one  must  consider  that  the  diesel 
engine  operates  in  various  load  and  velocity  regimes,  and  when  they  undergo 
changes  in  piston  temperature  and  diameter  change.  To  insure  the  operation 
of  the  cylinder-piston  group  with  minimum  gaps  in  all  regimes,  the 
preference  (as  far  as  possible)  must  be  given  to  materials  with  low 
coefficients  of  linear  expansion,  and  also  for  pistons  made  of  light  alloy, 
aluminum  alloys  with  increased  s  llcon  content  (AL26) .  These  alloys. 
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exhibiting  good  strength  properties  are  suitable  for  chill-casting  of 
pistons  and  have  much  lower  coefficients  of  linear  expansion  compared 
with  tha  ordinarily  used  forged  AK  4  aluminum  alloy. 

So  if  one  considers  that  the  temperature  of  the  piston  trunk  when 
the  engine  is  being  operated  at  full  power  is  120°C,  for  an  initial  * 
diameter  of  150mm  (that  is  20° G)  ,  a  piston  made  of  AK  4  al?.oy,  depending 
on  load,  will  vary  by  0.32mm,  while  a  piston  inode  of  A1  26  alloy  will 
vary  only  0.27mm. 

In  building  engines  of  the  same  type  in  modifications  with 
different  operating  levels,  cavitation  erosion  in  cylinder  liners  can 
be  reduced  by  manufacturing  several  groups  of  pistons  (on  the  same 
production  line)  differing  in  diameter  to  prevent  installing  a  piston  of 
the  smallest  diameter  in  the  low-uprated  modification. 

Composite  piotooo  with  caat*-  iron  trunks  art-  used  for  highly  upraucu 
diesel  engines  of  the  locomotive  class.  Cast-iron  and  steel  pistons  are 
also  vised  for  low-speed  and  moderate-speed  diesel  engines.  Pistons  made 
of  th  ise  materials  change  little  in  diameter  when  heated.  Therefore, 
the  adjustment  (cold)  in  their  use  can  be  appreciably  less  than  for 
aluminum  alloy  pistons. 

Thus,  cases  of  cavitation  damage  In  cylinder  litters  in  diesel  engines 
with  steel  and  cast-iron  pistons  are  encountered  incomparably  lens  often 
than  in  diesels  with  aluminum  pistons. 

To  determlr  i  the  required  thermal  gap  between  a  piston  and  the 
cylinder  liner,  one  must  have  experimental  data  on  the  piston  temperature 
and  the  different  zones  along  its  height  and  also  about  the  temperature 
of  the  cylinder  liner  when  the  diesel  engine  is  operating  at  maximum 
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f'.'-'Ki'.,  :i tht-cuta!  i:-.- 1  f.ri’i.it joir.  (,i  the  liner  a;.d  cor  ref.  ponding  piston 
toi'ic t  tan  hr  ;-.*ilculat rd  based  on  these  temperatures  and  th«  preliminary 
v.'.  \ "nlnit.r  i  allowable  clearances  c-m  bo  determined,  These 
v  luce  i  •  of.  corr-.f  with  si  If  -.:.ir.cf'  for  tr  ion-uni  fortuity  (circlcwiae) 
o!'  piste  :  t'  f-rral  do i nr.  stlo/ii ,  (.*•;■(  dally  in  t.Ue  zone  of  the  piston  pin 
bosses,  i.hii :  tonal  1  y  ,  here  thr:  uc i  arr.ati on  of  t  he  piston  leading  to  its 
ovMi/.ati'.i  when  act/d  on  by  the  y,c*  pressure  at  the  picton  head  ana  the 
hinn  pi't.-.oi:  f;  ;.c;;.in6l  ti  v  cylinder  wall  is  taken  into  account. 

The  >  validation  of  the  piston  iroai  the  *b.>vft -enumerated  factors 
occur!:  in  rhu  rains  of  motion  (the  major  axis  oi  i  he  ova,  u  directed 
alynj;  thr  ;.*ij  of  the  piston  pin).  The  piston  t.xpaiv  •"  unevenly  In  the 
various  along  its  height  ovlng  to  t.ho  different  ten perai.urea  and 

di  linttju*.  ii.'.'.riWf tio.  uf  the  met.  1  over  the  netlphcry,  there,  fom  the 
initial  op'iv.al  su.pft  oi  a  cold  piston  I*  quite  cocxpllcatud , 

In  its  «;;■  or*  sect  ton  /.  pis*  or.  la  oval,  :  ud  t»’it  required  ai.r.c  of 
the  oval  v.ivics  with  height.  Hut.  the  gener M.r i/,  oi.  the  piston  la  a 
curved  lie.’.  The  pistci*  cost  bn  h/.rro 1 -shaped ,  with  t.  gren.e?  diameter 
in  the  lover,  cm  ..  (..ml  Itr  d taoioter  In  the  upper  section.  Owing  to  the 
co'/p  laxity  oj  fa  hr  J  cat  in;/,  protons  of  tills  design,  It.  i*  I  Opiated  with  a 
simpler  d ..o  1  ;>n „  In  }>;.rl..  r.vlar ,  the  o.ternel  coutoui  of  a  pi  otoci  is 
Machined  accord  lug  to  covers/  (fir  example,  four)  cor.ic.al  surfaces. 

The  filial  finishing  of  the  external  piston  contour  is  carried  out 
experimentally  In  the  test  compartment,  or  the  teat™ equipped  engine. 

Hero  ths  piston  Is  tnr/taUed  Initial ly  with  unacceptably  small  clearances, 
and  Chen  after  critf  opet/itlon  In  tho  compartment  or  the  engine  the 
location*  w'.\<i i«  rub  marks  begin  axe  lowered.  Time  gradually  after  several 


tli  Mii.'int  ]  j  ii  «*^  the  piit-n  i  c  given  the  optimal  shape  which  i3 
tit'-,  cquently  i  uNsr.urcd  replaced  with  at:  approximate  but  more 

toe  l.iioloj'.ic.  1 )  y  fear-lb)*-  r.hcpe,  All  thlt  mokeo  It  possibLe  to  appreciably 
ri  Juts  the  iherr  al  g.-p  .  .J  to  sharp! y  diminish  liner  vibrations  (in  . 

;  f  ■'  mr.cr.  )>y  5  -  15<?b). 

In  piston  hcclgnlng,  one  must  also  allow  ler  the  effect  of  it* 
canting  during  slap  ou  llnei  vibrations,  and  hero  it  is  useful  to 
r.-pioy  long  pistons  (A'mt  )  .A  cylinder  diameters  in  length).  Shorter 
pistons  will  '-  jve  to  be  -iadu  for  Light  high-speed  diesel  engine 6,  however 
even  here  it  <0  necessary  that  the  piston  length  not  be  Ickd  than  It* 
vllatroter . 


In  the  cate  of  the  lir.,;  piston  not  only  la  locking  of  the  piston 
dur  ing  slap  icdnc'd ,  but  the  weight  i*  rationally  distributed  between 
the  head  and  the  trunk. 

The  off  net  of  the  pits  ton  pin  relative  to  the  piston  ax  is  must  be 
mi-de.  aall,  within  (ho  limits  0.2  -  1.5mm  (for  a  105mw  diameter  piston) 
toward  the  crankshaft  rotation  side.  For  sn  offset  value  this  small, 
the  danger  sxiaes  of  installing  the  piston  with  the  engine  dismantled  v/ith 
a  1110°  revolution,  (that  is,  with  the  offset  at  the  reverse  side).  This 
factor  as  well  as  the  technological  comp! Ication  of  piston  manufacture 
ltd  to  the  fact  that  usually  tbs  piston  pin  axis  is  not  offset. 

The  vibration  of  diesel  engine  cylinder  liners  can  be  achieved 
*l*o  by  the  damping  action  of  sn  oil  layer.  The  damping  oil  layer  can  be 
produced  in  different  ways.  Whan  oil-scraper  rings  are  present  in  thv 
lower  section  of  the  piston  ar  d  over  civ.  plsron  pin,  th<-  lovar  oil-scraper 


)-> 


Ip.  this  cope 


beveled  ring  lfl  rotated ,  making  It  an  oil-thrower  ring, 
on  oil  f i  1  in  retained  on  tin:  piston  surface  between  the  upper  of l-ccrspec 
end  th-  lower  bl  l- thrower  ring:*,  Oil-retaining  grooves  can  bo  machined 
in  the  j-ioton  tru-'k.  A  tent  of  t.h<-  effr.ctivi  ness  oi  those  *  (.over.  in 
the  diesel  engine  1  Ch  8.3/2 1  e.ii<l  1  Ch  7b/ 34,  where  the  groove  a  were 
0.7ir,m  dei-p  and  2i-'a  wide  in  the.  l"i>  at  dii.-M  I  engine,  «r'l  Amin  wide 
the  second,  allowed  th.-t  in  the  caned  tested  the  liner  vibration  level 
uao  reduced  by  2  -  Mb. 

The  oil  layer  inn  be  forced  also  by  Inst  ailing  norzles  feeding  o\!. 
onto  the  cylinder  surface,  When  this  i«  done,  thu  ol  1  -nereper  tings  r..ur-t 
be  left  on  the  piston  only  above  the  piston  pin  uxin.  This  was  curried 
out,  in  particular,  on  t.ha  L»1!>M  diesel,  engine  built,  by  the  MAN  Cor-pery . 

A  test  ol  this  met  curt  on  the  one  cylinder  cxpoi.  irentui  diesel  ;.;jgJlr.vs 
Ch  12/14  end  Ch  lb/20  showed  that  liner  vibrat  ion  wan  reduced  by  3  ••  Mb. 
However,  the  oil  conuumption  in  deposits  rose  by  b  -  107., 

R_ducing  cavitation  damage  in  designing  cylinder  liners  and 
block#  cun  be  achieved  by  incroaolng  the  6tif£nesa  oi  the  liner  through 
making  it  thicker  and  by  recucing  the  height  of  its  unsupported  section, 
and  also  by  tight  fleeting  of  the  liner  in  the  block. 

The  effewt  of  greater  liner  thickness  show*  up  raoGt  strongly  in  light 
high-speed  diesels  in  which  thfn-v/all  liners  are  comn.ouly  used.  Here, 

In  designing  a  new  engine  the  thickness  of  the  liner  walls  is  easily 
Increased,  Besides  adding  to  the  stiffne.ss  of  the  liner,  which  promotes 
a  reduction  in  the  vibration  amplitude  and  in  the  accelerations  (in  ipite 
of  some  Increase  in  frequency),  when  the  liner  wall  thickness  is  increased, 
the  liner  will  vibrate  with  a  smaller  number  of  antinodes  in  the  ) Jm-r 


cross  section.  For  ex.Tv.  ple ,  increasing  the  liner  thickness  in  the 
experimental  Civ  15/18  diesel  engine  from  6  to  12  mm  led  to  a  reduction 
in  the  vibrati'on  acceleration  from  40g  to  14g.  The  vibration  spectra 
arc  shown  in  Figure  60.  live  overall  vibration  level  L  of  a  thinner  liner 
v;as  122  db,  and  for  a  thicker  liner  -  113db. 

Figure  60:  Spectra  of  Lirer  Vibrations  Recorded  Based 
on  Accelerations: 


1  -  6mm  thickness  L  =  122  db,  W  =  40g.  2  -  12mm  thickness  L  =  113  db,  W  =  14g 

Key:  A;  L,  db 
B:  f,  Hz 

Thus  in  this  case  increasing  the  liner  thickness  by  twofold  (in 
spite  of  an  increase  in  the  distance  between  supports  of  60mm)  led  to 
nearly  a  threefold  reduction  in  vibrations  and  removed  them  from  the 
danger  zone  with  respect  to  cavitation  damage. 

After  1200  hours  of  stand  tests,  no  significant  damage  was  detected 
on  the  liners  and  blocks  of  the  experimental  diesel  engine.  A  bakelite 
coating  on  the  inner  cavity  of  the  block  was  well  preserved,  and  traces 
of  the  initial  stage  of  cavitation  damage  was  observed  over  the  surface 
of  liners  only  in  the  zones  at  which  the  maximum  side  pressure  forces  were 


active.  (Figure  61).  Incipient  foci  of  cavitation  pits 

(arrow  A)  old  not  exceed  in  site  tenths  of  a  millimeter  and  had  practical 1 

no  dept  I.. 

A  consider.'.:;! o.  reduction  in  liner  vibrations  can  be  achieved  by 
reducing  the  height  of  its  unsupported  section.  Here  the  following 
circuw stances  must  be  taken  into  account. 

1.  For  a  rigid  thick-walled  liner,  shortening  the  diesel  engine 

piston  stroke  (reducing  the  ratio  of  piston  stroke  to  piston  diameter) 

promotes  a  reduction  in  the  length  of  the  liner  and  a  shortening  of 

the  height  of  its  unsupported  section.  The  height  of  the  water  jacket 

must  be  at  a  minimum  owing  to  the  need  to  insure  normal  cooling  of  the 

\ 

cylinder-piston  parts. 

2.  Supplementary  intermediate  supports  can  be  introduced  in 
long-stroke  diesel  engines.  Studies  on  Ch  15/1S  engines  made  it  possible 
to  find  how  effective  the  use  of  three  support  cylinder  liners  is. 

Table  18  shows  the  vibration  levels  of  series-built  three-support 
liner3  of  12  Ch  M  15/13  diesel  engines. 

Introducing  the  third  support  means  a  10  db  reduction  in  vibrations. 
Photographs  of  three  support  liners  are  shown  in  Figure  62.  The  inter¬ 
mediate  support  of  the  liner  is  mounted  on  projections  in  the  diesel 
engine  block,  which  are  made  in  the  form  of  teeth  to  admit  coolant  water 
(Pigure  63).  The  gap  when  the  liner  is  installed  in  the  block  must  not 
exceed  0.1  -  0.2mra,  since  with  a  greater  gap  the  detainment  (stop)  of  the 
liner  on  the  block  cannot  be  insured  as  the  diesel  engine  warms  up.  The 
location  of  the  support  must  be  selected  by  calculation  and  must  lie  in 
the  location  of  maximum  vibration  amplitude.  If  the  materials  used  in 


Figure  61;  Magnification  of  Liner  Section 


Figure  62:  Liner  with  Third  Intermediate  Support 


Figure  63;  Diesel  Engine  Block  with  Intermediate  Support,  of  TM3  Design 
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making  r.he  block  au<l  the  liners  of  the  diesel  engine  are  dissimilar  in 
thermal  conductivity  (block  made  of  oilurnin,  and  liner  wade  of  steel),  thcn 
a  tread  ■  ring  of  aluminum  in  the  heated  state  with  a  large  interference 
must  be  installed  at  the  third  intermediate  liner  shoulder;  the  ring 
reste  on  the  support  of  the  silumin  block.  This  is  necessary  to  provide 
a  tight  fit  at  the  third  liner  support  on  the  silunin  block  as  the  diesel 
engine  warms  up. 

A  considerable  reduction  in  vibration  by  using  intermediate  supports 
make  it  possible  to  sharply  reduce  cavitation  damage.  Tests  of  diesel 
engines  with  liners  using  intermediate  supports  showed  that  after  two 
and  one  half  hours  of  operation,  the  liners  and  block  had  no  traces 
of  cavitation  damage.  Series-built  liners  and  blocks  cavitated  by 
1*5  -  Zp.m  in  depth  during  this  tiro  interval. 

Some  foreign  companies  also  use  multi-support  cylinder  liners. 

For  example,  the  multi-support  seating  of  liners  in  the  block  is  employed 
by  the  HOC HAD  Polar  Company  in  a  four-stroke  1800  hp  diesel  engine,  750 
rprn. 

Even  more  effective  is  the  design  of  a  liner  supported  on  the  block 
over  the  entire  length.  In  12  Ch  N  18/20  diesel  engines  (Figure  64)  this 
ia  achieved  by  fitting  the  liner  with  threaded  ribs  which  then  rest  on 
the  block.  These  liners  installed  on  12  Ch  M  18/20  diesel  engines  are  not 
subject  to  cavitation  damage. 

The  proper  selection  of  seating  at  the  location  of  the  liner  supports 
is  vital  in  increasing  the  stiffness  of  liner  installation  in  a  block  and 
reducing  liner  vibrations.  The  seating  of  the  liner  with  interference 


lends  to  formation  of  an  hour-glass  shape  in  the  working  surface  and 
can  cause  piston  scoring.  An  excessive  gap  (  close  to  the  spread  of 
the  liner  vibfationn  in  magnitude)  will  not  prevent  the  liner  from 
vibrating.  The  type  of  the  seating  in  each  individual  case  must  be 
determined  with  allowance  for  the  working  temperatures  of  the  liner 
the  block  and  their  materials. 

Figure  64:  Monoblock  Construction 

■  •  i  -i 


Table  18:  Liner  Vibration  Levels 


Key:  1. 
2. 

3. 

4. 

5. 

6. 
7. 


Nature  of  vibration 

Diesel  engine  load  in  per  cent 

Liners 

Series-built,  two-support  liner  (1500  rpra) 
Experimental  three-support  liner  (1600  rpm) 
Vibrations  in  middle  of  liner  span,  in  db 
Vibrations  at  lower  seating  shoulder  of  liner,  in  db 


2o:  Reducing  Cavitation  Damage  in  Blocks  and  Liners  of  Diesel  Qaginer. 

By  Modifying  the  Properties  of  the  Coolant  Liquid 

A  change  of  the  gas  content  in  voter  and  its  resilience  strongly 
affects  processes  of  cavitation  damage.  Accordingly,  let  us  examine  the 
question  of  whether  it  is  possible  to  reduce,  cavitation  damage  in  diesel 
engine  cooling  systems  by  increasing  the  resilience  of  the  water  and  by 
giving  it  anti- corrosion  properties  by  means  of  adding  special  additives 
to  it.  This  must  be  done  in  those  cases  when  in  designing  the  diesel 
engine  not  enough  attention  was  given  to  reducing  the  liner  vibrations, 
increasing  the  resistance  of  liners  and  blocks  against  cavitation  erosion, 
and  when  the  selection  of  the  optimal  temperature  regime  in  the  cooling 
system  did  not  lead  to  elimination  of  the  cavitation  damage. 

Using  additives  foi  the  coolant  water  involves  several  operating 
inconveniences,  for  example,  some  additives  are  toxic.  Moreover,  as  the 
diesel  engine  is  operated,  the  additives  become  used  up,  therefore,  it 
is  required  to  monitor  their  concentration  in  the  water  and  periodically 
replenish  them. 

The  use  of  additives  providing  a  protective  film  on  the  surfaces  of 
liners  and  blocks  by  means  of  their  practically  complete  precipitation  from 
the  water  is  not  reasonable,  since  the  protective  layer  rapidly  breaks  down 
by  the  action  of  the  high-frequency  vibratory  field  and  no  appreciable 
protection  against  cavitation  damage  occurs. 

Problems  of  protecting  against  cavitation  by  using  additives  have  been 
studies  relatively  recently.  The  papers  |3,  9j  present  data  on  laboratory 
teats  of  various  additives  using  magnetostrictive  vibrators  as  well  as  full- 
scale  tents  on  marine  diced  engines. 

im 


In  the  laboratory  tests  of  individual  additives  on  MSV,  using  a 
three-hour  program,  the  following  data  were  obtained: 

>  .  Specimen  Y?eight  Loss 

Type  of  Additive  in  mg/hour 


Tap  water 

no 

Chromates 

62 

AM  emulsion 

49 

VMl  ••  NP-117 

35 

Emu Isold  KS 

13 

IKX-8 

46 

Laboratory  tests  of  various  additives  to  be  used  in  water  showed 
that  the  beat  result  in  the  short- tern  protection  of  the  surfaces  of 
specimens  of  various  materials  against  cavitation  damage  are  shown  by 
the  additive  VS  (Urals  Polytechnic  Institute)  and  VNII  -  NP  117. 

TTnwr»ver>  short-term  laboratory  tests  cn  m.ngnetostrictive  vibrators 
did  not  make  it  possible  to  take  account  of  a  factor  as  important  as 
the  time  during  which  the  additives  acts,  that  is,  its  serviceability. 
There  tore,  these  tests  are  meaningful  only  for  a  preliminary  estimate 
of  how  effective  a  given  additive  is.  Eased  on  laboratory  tests,  the 
additive  can  be  recommended  only  for  long-term  full-scale  tests  on 
diesel  engines.  Materials  from  tests  made  from  aluminum  and  cast-iron 
specimens  in  v?ater  containing  these  additives  are  shown  in  Figures  65 
and  66 . 

Relatively  good  results  from  laboratory  tests  were  also  shown  by 
the  Shell  Dromus  additive,  and  the  Dikul  1  and  Dikul  5  additives,  of 
British  manufacture. 

It  must  be  noted  that  even  for  accelerated  laboratories,  the 
effectiveness  of  the  given  additive  will  depend  on  the  amplitude- 


frequency  characteristic  of  the  vibratory  field  of  the  stack,  that  is, 
on  the  vibrational  acceleration,  since  the  process  of  cavity  growth  and 
collapse,  as  well  as  cavity  sir.c  and  cavity  number  are  associated  with 
the  vibrational  acceleration.  This,  in  turn,  affects  changes  in  the  ratio 
of  mechanical  and  electrochemical  factors  in  the  overall  damage  process. 
Therefore  even  results  of  laboratory  tests  conducted  in  different  vibration 
frequency  ranges  and  at  different  amplitudes  may  not  agree.  Figure  67 
chows  the  specimen  dan  age  curves  obtained  when  the  vibration  amplitude 
was  varied  using  different  additives.  The  rate  of  increase  in  damage,  for 
different  additives  is  not  identical,  and  depends  on  the  vibration 
temperature,  and  therefore,  neither  is  the  effective  production  in  different 
ranges  cf  vibration  amplitude  the  same.  x 

Figure  65:  Damage  of  Specimens  in  Water  Containing  KS 
Additive:  a  -  Steel  1.0.  h  •*  Gray  Gnat-iron, 
c  -  copper 


1  -  Water  2  **  Water  and  0.017.  KS  3  -  Water  and  0.1%  ICS 

Key:  A:  AG,  mg 
B:  t,  min 

Figure  68  presents  curves  showing  the  protection  of  specimens  when 
additives  are  added  to  the  water,  compared  to  damage  incurred  in  tap  water. 


Figure  66:  Specimen  Demage:  a  -  AL  U  Specimen 
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-  In  water  containing  V1III  -  NI-117  2  -  In  water  containing  Shell 

Drotaus  additive 
\ 

-  In  water  containing  no  additives 

b  -  Cast-ircn  specimens: 

-  In  water  containing  VNII  NP-117  2.-  In  water  containing  no 

additives 

•  > 

V.eyz  A:  t,  hr 
B:  AG,  mg 

Figure  67:  Effect  of  Additive  On  Damage  (f  =  6.2  kHz, 
t  <=  55°C,  p  =>  latm) : 


J^Vl ••“T—— “l- 

-r:rbzB| 

*  lT  ■  T7?/ff 

.Li  x  1  i /  //■■] 

■  i  . /  /  ,  - — * 

'  .  i  y  •*  I 

!—  - 

_ -:.l;  i  j  ;gj 


Distilled  water  containing  no  additives 
Water  +  6g/l  of  baratt-nitrate 
Water  +  2.5  g/1 

Water  +  VI  oil. 


Key:  Ax  mg/hr 
B:  A,  microns 
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Figure  68 


:  Protect Lun  of  Specimens  Using  Various  Additives: 

1  -  K3  ct.  iii  l  no  id  2  -  Akvia-Glar  3  -  VHII  Hp-117 

4  -  INK  -  8  3  -  K.2Ci.*2  Oy 


Figure  69:  Protection  of  Specimens  in  Viator  Containing 
Additives : 


1  -  VNII  NP-117  2  -  KS  emulsoid  3  -  SheLl  Dromus 

A  -  INK  -  8  ,  3  -  K2Cr2  0?  6  -  K2Cr207  NaN02 


Key:  A:  t,  rain 

B:  Protection,  % 

These  tests  were  conducted  with  a  vibration  amplitude  of  30  -  36  microns 
at  a  vibration  frequency  oi:  8000  Hz. 

Figure  69  presents  the  curves  on  the  extent  of  protection  for 
specimens  when  the  amplitude  vibration  was  60  -  65  microns  and  the 
vibration  frequency  was  8000  Hz,  These  curves  were  recorded  at  considerably 
higher  accelerations  than  the  curves  in  Figure  68.  Therefore  the  degree  of 
protection  using  various  additives  is  not  the  same  in  both  cases. 

Conducting  full-size  tests  of  additives  on  operating  diesel  engines 
provides  the  final  evaluation  of  the  efficiency  of  a  particular  additive. 
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For  v.-.  ample,  the-  ICS  additive  cannot  regain  in  aqueous  solution  for 
a  long  time,  precipitates,  and  when  diesel  engine  liners  and  blocks 
undergo  high-i'r*.  quency  vibrations  is  stripped  off  their  surfaces. 

After  500  lu-r of  teot'i’g,  opening  up  the  v/ater  jackets  of  a 

• 

Ch  1.5/18  diesel  showed  that  the  cast-iron  jacket  of  the  blocks  made 
of  C!:  15/32  cast- iron  and  tested  with  a  0.1%  KS  additive  concentration, 
had  pit tings  eve c  their  entire  surfaces  to  a  depth  of  0.3  -  0.5m,  that 
is,  the  same  kinds  of  pitting®  as  in  the  cories-built  engine  operated 
without  the  additive.  Damage  was  observed  also  in  the  cylinder  liners. 
Similar  results  ware  obtained  from  testing  KS  emulsoid  in  other  diesel 
engine  models  aa  well. 

Tests  were  conducted  also  on  other  ki.n^3  of  additives  on  diesel 
engines  of  domestic  and  foreign  manufacture.  First  of  all,  we  must 
mention  the  additive  Villi  NP-117  and  Shell.  Dr oraus  S  additive.  The 
best  result  in  eliminating  damage  effects  in  surfaces  of  cast  iron, 
steel  and  aluminum  alloys  sv7e.pt  by  water  was  shown  by  the  additive 
Villi  "P-117  in  low-speed  and  moderate-speed  diesel  engines  with  low 
vibro-activity ,  of  models  DN  23/30,  D  30/50,  D  43/61,  and  from  SKL  Plant 
(  GDR) .  Figure  70  shows  liners  of  the  4  Ch  17.5/24  engine  from 

the  SKL  Plant  having  served  2000  hours  in  diesel  engine.  .  xth  0.5% 

VNII  KF-117  additive  and  Figure  71  shows  liners  after  2000  hours  of 
operating  the  diesel  engine  without  use  of  an  additive.  The  liners  of 
a  diesel  engine  that  had  operated  with  an  additive  are  completely  clean 
and  not  affected  by  cavitation  or  corrosion. 

The  VNII  NP-117  additive  dissolves  readily  in  water  and  forms  a 
stable  highly  dispersed  emulsion  of  the  oil-water  type,  increasing  the 
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<S.anpittp,  properties  of  the  water.  At  the  present  tine,  several  diesel- 
building  plants  have  recommended  this  additive  for  commercial  use  and 
production  and  are  .adding  it  in  the  amounts  of  about  1%  of  the  volume 
cf  coolant* 

In  those  cases  when  electrochemical  processes  predominate  in  the 
cooling  cycUe<n3  of  diesel  engines,  a  potassium  bichromate  additive  has 
proven  itself*  This  additive  gives  good  results  in  protecting  cylinder 
liners  and  blocks  of  high-speed  light  diesel  engines  of  models  Ch  10*5/13, 
Ch  15/1S,  and  Ch  1S/20,  exhibiting  high-frequency  intense  vibrations, 
against  cavitation  damage.  In  these  types  of  diesel  engines,  evidently 
electrochemical  processes  also  play  a  significant  role  in  the  overall 
damage  incurred  from  cavitation.  The  potassium  bichromate  type  of 
additive  is  a  mixture  of  potassium  bichromate  I^Cr^O^  and  technical 
sodium  nitrate  NaNC>2  in  a  1:1  ratio*  The  additive  is  introduced  into  the 

i. 

cooling  syctcra  in  the  amount  of  0.57.  of  the  weight  of  the  water  ir  the 

system.  The  time  by  which  a  next  addition  of  the  additive  is  made  is 

determined  from  the  change  in  the  color  of  the  water  in  the  system  of 

the  inner  circuit  from  orange  — yellov;  to  yellowish-greenish  to  green. 

*  • 

When  the  potassium  bichromate  -  nitrate  additive  is  used,  relatively 
good  protection  of  liners  against  damage  is  provided.  A  full-size  test 
of  the  effectiveness  of  this  additive  in  Ch  15/18  diesel  engines  was 
carried  out  in  many  steamship  lines  with  a  large  number  of  engines. 

Thus,  based  on  the  data  of  the  Leningrad  Institute  of  Water 
Transportation,  the  additive  was  tested  in  the  1959  navigation  season 
in  44  engines  in  the  Gor'kiy  Steamship  Line  and  32  engines  of  the 


The  dismantling  o£  ten  Ch  15/18  engine 


Northwest  River  Steamship  Line, 
which  had  served  with  the  additix'e  from  2300  to  4700  hours  showed  that 
when  this  additive  is  in  regular  use,  damage  to  liners  and  blocks  of 
diesel  engines  is  considerably  reduced.  When  there  is  an  extended 
interruption  in  additive  use,  the  damage  process  occurs  with  its  usual 
intensity. 


Figure  70:  Liner  After  2000  Hours  of  Operation  With 
0.57,  VS7I  HP- 117  Additive 


The  mean  consumption  of  the  potassium  bichromate  -  nitrate  additive 
per  1000  hours  of  operation  for  the  3D6  engines  is  about  700g.  The 
additive  of  this  type  has  also  proven  itself  in  Ch  18/20  diesel  engines 
without  monoblock. 

Figure  72  shows  a  section  of  the  block  of  a  Ch  18/20  diesel  engine 
that  has  been  run  for  500  hours  with  the  KS  additive.  Damage  areas  in 


the  fora  of  gleaming  patches  of  internal  surface  are  clearly  visible 
in  the  block.  V.hun  the  engine  was  operated  with  the  potassium  bichromate 
additive the  initial  stages  of  cavitation  damage  to  the  block  appeared 
only  after  1000  hours.  Figure  73  shows  the  cylinder  liners  of  the 
12  Ch  N  10/20  diesel,  engine  after  300  hour  a  of  operation  with  the 
potassium  bichromate  additive.  The  liners  had  no  traces  of  damage  to 
the  porous  chromium  layer.  A  disadvantage  of  this  additive  is  its 
toxicity,  end  when  it  is  present  in  very  slightly  higher  amounts  than 
the  specified  norms  for  protection  against  cavitation  damage,  erosion 
is  intensified. 

Figure  71:  Liner  After  2000  Hours  of  Operation  Without 
Additive  > 


Figure  72:  Block  Damage 


Figure  73:  Cylinder  Liners  of  Diesel  Engine  After  500 

Hours  of  Operation  with  Potassium  Bichromate 

.  Additive 


Fieurc  74:  Effect  of'  Additives  Cavitation  Damage  to 

Cast-iron  As  A  Function  of  Additive  Concentration 

in  Water: 


l 

4 

7 


Na  NO 2  2  -  Potassium 
Organic  inhibitor  5 
Emulsion  of  Oil  No  3 


Bichromate  3  -  Barrate -nitrate 
-  Emulsion  of  Oil  No  1  6  -  Emulsion  of  Oil  No  2 


Key:  A:  Ag,  wg/hr 

u«  V  .  . 


additive) 
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Laboratory  tests  on  MSV  make  it  possible  to  ceicct  the  additive 
concentration  Figure.  74  shows  the  cu-  veo  of  specimen  damage  rates 

os  a  function *of  the  additive  concentration  with  respect  to  the  volume 
of  water  used.  These  data  show  that  the  maximum  percentage  of  the 
additive  in  the  water  that  still  affords  an  effective  protection  against 
damage  does  not  exceed  2.5%.  The  optimal  concentration  is  1  -  1.5%. 
However,  the  use  of  additives  is  desirable  only  in  running  diesel  engines. 

Using  even  the  most  efficient  additives  in  coolant  water  is  an 
extreme  measure  in  controlling  cavitation-erosion  damage  of  newl>'  de¬ 
signed  diesel  engines.  The  most  radical  and  advantageous  methods  must 
be  viewed  only  as  design-technological  measures  to  control  the  cavitation- 
corrosion  processes. 

Of  those  tested,  the  additive  VNII  NP-117  and  potassium  bichromate 
can  be  recommended. 

27:  Reducing  Corrosion  Damage  By  Building  Rational  Cooling  Systems 

Use  of  closed  cooling  systems  t a  preferential  for  diesel  engines  of 
all  models  from  the  standpoint  of  reducing  the  cavitation  damage  to  liners 
and  blocks,  for  the  following  reasons: 

1)  In  a  closed  cooling  ‘system  the  optimal  temperature  regime  and 
the  required  pressure,  for  example,  80-85°C  at  a  pressure  of  1  -  1.2  atm, 
or  90-95°C  at  higher  pressures,  can  be  maintained; 

2)  The  use  of  the  same  water  for  a  long  time  in  the  system  reduces 
the  gas  content  and  diminishes  cavitation  intensity.  Only  with  a  closed 
cooling  system  can  additives  for  water  be  used  to  reduce  cavitation  damage; 

3)  It  Is  no  longer  necessary  in  marine  conditions,  to  use  bilge 
sea  v?nter  in  cooling  an  engine,  which  causes  severe  corrosion  and  leads 
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to  large  suit  dcpoclts  In  the  extra-jacket  space*; 

4)  The  system  of  temperature  regulation  in  which  rapid  buildup  of 
the  diesel  engine  after  starting  is  maintained  is  achieved  more  easily 
with  a  closed  coding  system  than  in  a  flow-through  type.  For  operation 
in  all  lead  and  velocity  regimes,  the  water  temperature  is  near- optimal. 

In  designing  the  cooling  system,  one  must  take  account  of  the 
following  factors. 

1)  The  width  of  the  water  cavity  must  be  not  less  than  10mm  to 
avoid  intensifying  cavitation.  Here  consideration  is  given  to  the 
fact  that  when  the  distances  between  the  vibrating  liner  and  the  block 
are  small,  damage  to  the  block  walls  is  intensified. 

2)  To  prevent  abrupt  changes  in  flow^rate  and  pressure,  there  must 
be  no  local  constriction  in  the  water  jacket.  Selection  of  the  water 
jacket  dimensions  with  which  abrupt  changes  in  pressure  and  flow  rate 
are  absent  can  be  done  by  th-5  electrodynamic  analogy  method.  In  thia 
case,  the  elements  of  the  water  cavity  of  the  engine  (block  section  and 
liner)  made  of  wax  or  stearin  are  placed  in  a  bath  containing  an  aqueous 
solution  of  copper  sulfate.  Using  a  moving  rod  one  determines  the 
electrical  voltages  at  different  points  of  the  model.  The  constant-voltage 
lines  correspond  to  the  constant- flow  rate  lines.  The  flow  rate  of  the 
water  in  the  jacket  must  not  be  greater  than  2m  per  second. 

3)  The  sites  of  water  inflow  into  the  jacket  and  water  outflow 
must  not  have  pressure  drops  so  abrupt  that  hydrodynamic  cavitation  can 
be  induced.  Therefore  the  flow  rate  in  the  inflow  pipes  and  ducts  must 
not  be  more  than  5m/sec.  Preference  must  be  given  to  the  tangential 
inflow  of  water  to  the  cylinder  liners  (although  in  most  cases  this  does 
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not  play  a  decisive  role). 

4)  The  support  zones  of  cylinder  liner  end  block  must  be 
designed  so  that  water  does  not  enter  the  gap  between  the  liner  and 

the  block.  Here  it  Is  necessary  to  insure  the  highest  possible  stiffness 
of  both  liner  and  cylinder  block. 

5)  The  capacity  of  the  fresh  water,  pump  must  be  selected  so  that 
the  drop  in  the  temperatures  of  the  water  flowing  into  the  engine  and 
the  exiting  water  roust  not  exceed  7  -  10°C.  Only  in  this  case  can  the 
optimal  water  temperature  means  be  maintained  in  the  region  of  the 
cylinder  liners  to  reduce  cavitation  damage.  The  system  of  temperature 
regulation  must  include  a  2-valve  thermostat  and  exhibit  low  regulatory 
non-uniformity. 

6)  The  heat  exchanger  for  cooling  the  fresh  water  must  exhibit 
resistance  to  corrosion  that  may  be  caused. by  sea  water.  Flowing  sea 
water  enters  the  heat  exchanger  in  a  self-suction  water  pump  made  of 
anticorrosive  materials. 

7)  The  cooled  surfaces  must  be  as  smooth  as  possible. 

Dissimilar  materials  forming  pairs  must  be  voided.  The  cooling  system 
must  be  provided  with  a  filter  to  trap  contaminants  and  corrosion  products 
and  to  insure  complete  drainage  of  the  coolant  fluid  when  the  system  is 
emptied. 
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CHAPTER  SIX 


METHODS  OI-  1  NCKliAS IN'G  CAVITATION  RES J STANCE  OF  LINERS  .AND  BLOCK 
*  SURFACES 


28:  Requirements  of  Metals  Used  in  Diesel  Engine  Liners  and  Blocks 

Selection  of  the  material  used  in  liners  subjected  to  cavitation 
erosion  must  make  .  allowance  for  the  mechanism  of  metal  damage  during 
cavitation.  In  its  initial  stage,  damage  is  expressed  in  the  formation 
of  opalescence  colors  or,  the  metal  followed  by  formation  of  micro-relief. 

The  macroscopic  damage  pattern  consists  of  a  cluster  of  individual  deep 
pits,  grooves,  gouging  of  metal  particles  and  so  on.  The  nature  of 
damage  to  parts  in  cavitation  differs  and  is  determined  by  the  characteristic 
of  the  vibratory  field  of  the  diesel  engine  (vibration  frequency  and 
amplitude),  the  flow  rate,  and  the. .nature  and  structure  of  the  alloy. 

The  area  of  damage  on  individual  surfaces  extends  from  fractions 
of  a  millimeter  to  hundreds  of  square  centimeters.  The  process  lasts 
from  several  minutes  to  thousands  of  hours.  This  is  associated  vith 
the  intensity  of  the  diesel  engine  vibratory  field.  Metallographic 
examination  shows  that  in  steels  the  initial  damage  foci  arise  primarily 
at  the  ferrite-perlite  interface,  and  then  spread  into  the  ferrite. 

With  time,  this  leads  to  chipping  out  of  metal  particles.  An  examination 
of  the  damage  foci  occurring  when  cavitation  due  to  vibration  at  frequencies 
up  to  3000  Hz  occurs  showed  a  20  -  30%  local  increase  In  micro-hardness. 

The  nature  of  the  damage  depends  on  the  character  of  the  metal.  For 
example,  damage  to  armco  iron  occurs  locally,  by  forming  deep  pits, 
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while  damage  to  metals  such  as  aluminum  and  copper  occurs  initially 
due  to  depression  of  the  metal,  followed  by  the  formation  of  funnel-¬ 
shaped  pits. 

* 

Cavitation  caused  by  high-frequency  vibrations  forms  damage  areas 
in  which  metal  fusion  is  observed.  Macroscopic  analysis  of  these 
d  Gauged  areas  indicate  that  during  cavitation  temperature  also  plays  a 
certain  role,  therefore,  the  edges  of  pits  in  tnicrovolumes  are  melted. 

Freni  the  initial  stages  of  damage  with  the  formation  opalescence  colors 
and  by  the  melting  of  pit  edges  in  a  given  material,  one  can  indirectly 
estimate  the  temperatures  in  the  tnicrovolumes.  In  all  probability  they 
are  high  cud  are  in  the  hundreds  of  degrees.  Damage  foci  appear 
especially  distinctly  when  tests  are  made  of  materials  on  KSV. 

Cavitation  damage  to  surfaces  occurs  gradually,  initially  there  is 
first  a  rVianc-o  in  rhe  mii-rnrotipf.  mr!  t-ho«  r-rcsfnr  Hamaoo  enf-r  -tn 
characterized  by  the  formation  of  clusters  of  deep  pits. 

i. 

Traces  of  plastic  deformation  manifested  in  3lip  lines  are  observed 
in  the  metal  layers  lying  at  the  d&naged  surface  areas,  and  manifested 
in  fine  structure  in  iron,  in  individual  grains.  Plastic  deformation 
at  the  structure  of  cavities  in  copper  occurs  somewhat  differently. 
Crystal-like  structures  form  in  copper.  Deformation  of  the  surface 
beneath  the  damaged  metal  is  in  the  form  of  viscous  flow.  Extension  of 
the  deformation  is  uneven.  In  some  grains  severe  form  modification  occurs, 
while  in  others  there  is  a  nearly  complete  absence  of  traces  of  deforma¬ 
tion. 

The  presence  of  high  temperatures  in  microvolumes  in  a  damage  area 
when  high-frequency  cavitation  is  underway  causes  thermal  and  electro- 
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chemical  damage,  which  is  oggvcgatcd  with  the  mechanical  damage.  Because 
of  this,  the  overall  damage  process  in  a  surface  is  accelerated. 

Thus,  the  mechanism  of  metal  damage  in  cavitation  is  highly  complex 
and  depends  on  numerous  factors.  First  of  all,  they  must  be  regarded  33 
including  die  intensity  and  frequency  of  surface  vibrations,  pressure  in 
the  medium,  and  the  properties  of  the  surface  being  damaged.  Materials 
subject  to  cavitation  erosion  must  exhibit  the  following  main  properties: 
high  surface  hardness,  which  can  be  attained  also  by  using  a  protective 
coating,  uniformity  of  structure,  heat  resistance,  and  corrosion  resistance. 

29:  Role  of  Machining  Finish 

The  machining  finish  of  a  surface  significantly  affects  the 
intensity  of  surface  damage  in  the  same  time  interval.  We  know  that  a 
rough  surface  is  damaged  more  intensely  due' to  the  accumulation  in 
acratxhed  depressions  of  vapor-gas  nuclei  which  intensify  the  cavitation 
process.  Discontinuity  produced  in  a  fluid  is  facilitated  when  vapor 
and  gaseous  cavitation  nuclei  adhering  to  the  surface  of  a  solid  are 
present. 

However,  it  is  assumed. that  the  intensification  of  cavitation  and 
cavitation  damage  on  a  rougher  surface  is  caused  by  the  the  presence  of 
turbulence  in  the  liquid  owing  to  the  presence  of  lands.  This  increases 
the  rupture  stresses  in  water  and  promotes  more  favorable  conditions  for 
the  formation  of  cavitation  cavities  under  otherwise  equal  conditions. 

During  the  investigation  tests  were  made  of  cast  iron,  steel,  and 
aluminum  specimens  on  a  a  magnetostrictive  vibrator  (Figure  75).  In  all 
cases  the  weight  loss  (damage  intensity)  for  the  same  time  interval 


increased  if  the  machined  surface  finish  was  degraded.  However,  the 
intensity  of  damage  for  different  materials  differs  and  ia  characterized 
by  the  hardness  of  the  given  material  and  the  structure.  For  example, 

ALA  aluminum,  when  the  surface  roughness  is  increased  from  7  to^S 
over  the  same  time  interval,  the  intensity  of  damage  based  on  weight  rose 
by  roughly  1.5  -  1.6  times,  for  cast  iron  -  by  2  -  2.3  times,  and  for 
steel  -  it  increased  by  2.3  -  2.5  times.  Therefore,  the  greatest  effect 
of  surface  finish  on  damage  is  observed  in  steel,  and  the  least  -  in 
aluminum  when  the  rating  is  made  on  a  basis  of  weight  loss. 

In  estimating  damage  volume trie ally  the  opposite  situation  is  found. 
The  greatest  volume  is  lost  by  aluminum,  and  the  least  -  by  steel.  This 
factor  must  play  a  definite  role  in  selection  of  materials  for  each 
specific  part  subject  to  cavitation  erosion,  since  an  aluminum  alloy 
can  have  deeper  damage  pits  than  steel  or  cast  iron  with  a  lower  weight 
loss.  . 

I*-  must  be  noted  that  the  better  a  surface  is  machined,  the 
less  intense  is  the  damage  in  the  initial  period.  This  is  readily  seen 
in  a  plot  of  the  damage  to  a  surface  with  V  9  of  a  cast-iron  specimen 
(Figure  76).  Conversely,  a  rougher  surface  is  damaged  more  intensively 
in  the  initial  period,  and  then  the  rate  of  damage  decreases,  which  can 
be  seen  from  the  test  data  in  Figure  76. 

The  variation  in  the  rates  of  damage  in  the  initial  and  subsequent 
periods  for  a  well-machined  surface  is  accounted  for  by  the  fact  that 
until  its  surface  roughness  is  increased  by  damage,  it  is  damaged  more 
slowly;  in  contrast,  a  rougher  specimen,  on  being  intensively  damaged  in 
the  initial  period,  has  its  surface  smoothed  resulting  in  the  damage  rate 
then  slowing  down. 
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I’lyure  76:  I'amage  to  a  Cast-iron  Specimen  (£  «  11.8 
kllz,  A  ^  0.00U  mm) 


A 


A:  t,  min 

B:  Ac,  g 


It  must  be  noted  that  the  time  interval  after  which  a  change  occurs 
♦ 

in  the  damage  rate  either  toward  a  higher  or  toward  a  lower  value 
depends  entirely  on  the  intensity  of  the  vibratory  field. 

For  accelerations  of  50  -  60g,  this  interval  is  hundreds  of  hours, 
and  for  accelerations  of  hundreds  and  thousands  of  g's  -  it  is  in  the 
minutes . 

Thus,  studies  with  specimens  having  different  machined  surface 
finishes  show  that  increasing  the  surface  machined  finish  in  any  case 
leads  to  a  reduction  in  cavitation  damage,  especially  in  the  initial 
period . 

V 

30:  Damping  Coatings 

lo  eliminate  cavitation  damage  to  the  cooling  surfaces  of  series- 
built  diesel  engines,  basically  two  types  of  coatings  can  be  recommended. 

H 

The  first  type  of  coating  includes  all  damping  coatings  attenuating  the 

vibratory  field  of  the  liner  or  bloc  *  of  the  diesel  engine  and  eliminating 

the  phenomena  of  cavity  formation  and  collapse,  and  the  second  type  of 

coating  Includes  all  hard  and  refractory  coatings  which  cannot  eliminate 

«  / 

the  effects  of  cavitation  and  bubble  collapse,  but  which,  due  to  their 
hardness  and  refractoriness,  protect  the  surface  against  the  action  of 
pressures,  temperatures,  and  electrochemical  processes  induced  in  the 
collapse  of  cavities. 

Any  materials  exhibiting  relatively  high  coefficients  of  internal 
friction  can  be  used  as  damping  coatings.  One  must  only  consider  the 
fact  that  the  suitability  in  diesel  engine  building  of  a  given  coating 
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depends  on  the  thickness  of  the  damping  layer 'applied .  If  the  coating 
will  exhibit  good  damping  properties,  only  for  thicV.nesr.es  of  several 
millimeters  it  will  not  be  useful,  since  in  this  case  the  passages 
for  the  coolant  liquid  will  be  significantly  constricted. 

To  establish  the  type  of  coating  exhibiting  the  best  damping  prb- 
pcrties  for  minimum  thicknesses,  numerous  tests  were  made  on  specimens 
using  magnatostrictive  vibrators.  Varnishes ,  epoxide  and  polyester 
resins  with  fillers,  elastomers  and  Nairit  coatings  were  used  as  damping 
coatings.  The  test  results  showed  that  varnishes,  epoxide  resins  and 
polyester  resins  and  GUN  elastomer,  even  though  exhibiting  damping 
properties,  still  owing  to  their  high  brittleness  do  not  protect  the 
surface  against  cax^itation  damage.  In  view,  of  their  brittleness,  they 
do  not  remain  on  the  surface  for  a  long  time,  but  crack  ar.d  scale  off. 

These  cnsHn^r.  nn  diesel  engines  with  moderate  fibre"- activity  of 

20  -  25g  protect  the  surfaces  only  for  30  70  hours.  This  brief  protection 

i. 

is  meaningless  in  practice.  ,  . 

lae  Nairit  type  of  coating  1b  stronger.  Results  of  tests  made  on 

MSV  and  in  diesel  engines  showed  that  they  exhibited  several  advantages 

in  protecting  cooling  surfaces  against  damage.  Figure  77  shows  the 

•  ✓ 

breakdown  time  curves  for  coatings  deposited  on  a  cast-iron  specimen 

in  relation  to  coating  thickness  b.  Curve  1  characterized  the  breakdown 

of  a  coating  on  a  12kHz  NSV  with  a  vibration  amplitude  of  10  microns  for 

S  »  5100,  and  Curve  2  shows  the  breakdown  of  a  coating  tested  on  a 
c 

19kHz  MSV  with  a  vibration  amplitude  of  5  microns  for  Sc  =  8000.  From 
these  curves  it  follows  that  the  coating  breakdown  sets  in  more  rapidly, 
the  higher  acceleration  of  the  surface  vibrations. 
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Results  of  testa  made  on  MSV  established  that  the  service  time 


of  the  specimen  before  coating  breakdown  depends  on  parameters  such 

* 

as  the  coating  thickness,  vibration  acceleration,  and  the  material  of 
the  specimen  on  which  the  coating  was  deposited. 

Figure.  77:  Damage  of  Coated  Specimens  Tested  on 
a  MSV 


Kay:  A:  t,  hr 

B:  b,  microns 

Failure  pits  appeared  on  the  coatings  of  limited  thickness,  50  - 
60  microns,  in  4  -  5  hours  of  servire.  The  initial  failure  in  thicker 
coatings  of  200  -  500  microns  set  in  after  25  -  30  hours  of  service. 

More  intense  damage  to  coatings  occurs  when  tests  v?ere  made  on 

•  ✓ 

MSV  producing  higher  accelerations.  Thus,  the  damage  to  a  200  -  micron 
Hairit  coating  on  a  steel  specimen  tested  with  a  12kHz  MSV  with  a  vibration 
amplitude  of  10  microns  and  with  Sc  *=  5100  occurred  in  23  hours.  The 
same  damage,  but  on  a  19kHz  MSV  with  a  5  micron  amplitude  and  S  =  8000 
occurred  in  17  hours,  that  is,  the  higher  the  acceleration  of  the 
vibrational  motion  of  the  specimen  the  more  rapidly  the  breakdown  and 
damage  to  the  coating  sets  in. 
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Using  the  data  of  the  time  scale  factor  characterizing  the 

dependence  oi  damage  on  the  acceleration  of  the  vibrational  motion  of 

a  surface,  one  can  determine  how  much  time  a  given  coating  deposit  on 

the  external  surface  of  a  diesel  engine  cylinder  liner  will  elapse  before 

breakdown,  if  the  diesel  engine  liner  exhibits  a  vibratory  field 

characterized  by  S  .  Such  reconversions  were  made  and  are  plotted  ir. 

cx 

curves  in  Figure  78  for  a  'Sairit  coating  deposited  on  steel  and  cast- 
iron  cylinder  lir.srs  of  various  diesel  engines.  Coating  a  steel  liner 
with  Kairit,  for  the  sane  coating  thicknesses  and  vibration  accelerations, 
lengthened  the  service  time  longer  than  coating  of  a  cast-iron  liner. 

This  evidently  is  associated  with  several  poorer  adhesive  properties  of 
the  coating  with  respect  to  cast  iron.  A  SOQ^micron  coating,  with 
Sc  =  10,  will  function  before  breakdovm  for  1580  hours  on  a  steel  liner, 
and  for  1000  hours  on  a  cast-iron  liner,  with  the  very  same  acceleration. 
These  data  show  that  in  diesel  engine's  of  increased  vibro-activity 
(Sc^>20),  the  operating  ti.me  of  a  coiting  is  sharply  reduced.  For  example, 
in  a  diesel  engine  with  cast-iron  linings  in  which  the  vibrational  level 
Sc>60,  a  300  micron  coating  will  prolong  the  surface  life  of  the  liner  by 
no  more  than  400  hours .  . , 

Full-scale  tests  of  a  Nairit  coating  were  made  on  Ch  10.5/13  and 
Ch  15/18  diesel  engines.  To  accelerate  the  breakdown  count  the  vibrational 
fields  of  the  diesel  engines  were  intensified  by  increasing  the  thermal 
gap  between  the  piston  and  the  liner  by  0.2  -  Q.3rom.  For  a  0.6wm  gap, 
the  vibrations  of  cast-iron  liners  in  a  Ch  10.5/13  diesel  engine  amounted 
to  140  g  and  coating  breakdown  was  achieved  in  130  -  150  hours  of  operating, 
that  is,  the  service  life  of  the  coating  was  checked  by  accelerated 
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liiothods.  Fnll-eizc  tests  of  Nairit  coatings  on  diesel  engines  agree 

veil  with  the  data  of  accelerated  tests  on  MSV. 

% 

•  Figure  7S:  Service  Time  of  a  Hairit  Coating  of  Various 
Thickness  b  on  Steel  Liners  with  Different 
Vibrational  Levels 


Key:  A:  t,  hr 

S:  b,  microns 

In  the  tests  the  effect  of  coa.ings  on  the  internal  surface  of 

the  liner,  the  surface  facing  the  combustion  chamber  (Figure  79),  was 

established.  From  Figure  79  we  see  that  in  the  area  of  the  combustion 

•  * 

chamber  (  the  TC  area),  the  liner  temperature  rises  by  8°C  for  a  1007, 
load,  (Curve  1  and  1’),  Measured  downward,  the  liner  temperature  increases 
by  20°C  and  did  not  exceed  130°C,  which  is  wholly  acceptable*  The 
possibility  of  using  coatings  with  low  thermal  conductivity  must  be 
decided  for  each  specific  case  in  relation  to  the  initial  temperature 
condition  of  the  engine  when  operating  at  full  load. 


Nairit  coatings  will  prolong 'the  life  of  diesel  engine 
cylinder  liners.  Calculated  data  on  coating  service  life  are  in  agree¬ 
ment  with  experiments . 

The  type  of  coating  of  cylinder  liners  or  blocks  of  diesel  engines 
must  be  selected  in  relation  to  the  vibratory  field  of  the  diesel  engine 
determined  from  tests  of  coatings  made  on  MSV  using  material  specimens. 

Thus,  any  coatings  can  be  preliminarily  tested  on  MSV  and  re¬ 
calculated  for  the  operating  conditions  of  cylinder  liners  in  diesel 
engines. 

Rubberizing  compositions  of  the  NT  Nairit  consist  of  50  -  707. 

i 

solutions  of  rubber  mixture  of  liquid  Nairit  (low-molecular  chloroprene 
rubbers  of  different  types)  in  a  solvent.  The  solvent  includes  76% 

8 olvent  naphtha,  1S7.  turpentine  and  507.  butanol.  Damping  anticavitation 
coatings  consisting  of  liquid  Nairit  exhibiting  the  consistency  of  enamel 
paint,  can  be  applied  on  liners  with  brush,  sprayer,  and  immersion  of 
parts.  When  painting  with  a  brush,  a  layer  of  150  -  200  microns  is 
applied  in  each  stroke.  The  properties  of  liquid  Nairits,  methods  of 
preparing  parts  for  coating,  and  the  coating 'itself  are  described  in 
this  study  [VJ  and  do  not  require  a  detailed  presentation.  An  advantage 
of  this  method  of  coating  is  the  fact  that  it  can  be  used  in  service  in 
the  repair  of  diesel  engines  and  can  be  applied  even  on  liners  and  blocks 
where  partial  cavitation  damage  has  already  occurred. 

31:  Solid  Coatings 

Since  the  mechanical  factor  is  fundamental  in  cavitation  damage  to 
cooling  surfaces  of  lincro  and  blocks  in  diesel  engines,  that  is,  damage 
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Figure  79:  Derond-r.nce  of  Temperature  atr  Different  Liner 
Points  in  a  Diesel  Kngine  on  Load 
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Upper  ring  t,  UC  2  -  3C;r:m  from  the  TDc  3  ►  60mm  from  the  TDC 

in  the  area  of  the  EDC  (bottom  dead  center) 


Figure  80:  Increase  in  the  Surface  Life  of  a  Liner  When 
Hard  Chromium  13-  Deposited  on  its  Surface 


Key:  A:  t,  hours 

B:  b,  microns 


CHAPTER  SEVEN 


CALCULATION  OF  CAVITATION  DAMAGE  TO  DIESEL  ENGINE  CYLINDER  LINERS 


3?.:  Determination  of  Lir.er  Vibration  Accelerations 

Based  on  the  data  of  theoretical  and  experimental  studies,  an 

approximate  method  of  calculating  the  accelerations  of  liner  vibrations, 

and  liner  cavitation  damage,  in  which  the  absolute  weight  losses  and 

the  maximum  operating  time  of  liners  before  replacement  because  of 

cavitation  damage  to  surfaces  swept  by  water  are  determined. 

To  define  the  maximum  time  of  surface  liners,  it  appears  necessary 

to  determine  several  intermediate  parameters,  which  must  be  regarded  as 

including  first  of  all  the  froe-vibrat Jon  frequency,  the  amplitude  of 

liner  vibrations  at  a  given  frequency,  vibration  acceleration,  and 

». 

absolute  weight  loos.  One  must  calculate  the  free-vibration  frequency 
to  calculate  liner  accelerations.  In  calculating  free  vibrations,  it 
is  provisionally  assumed  that  a  liner  vibrates  without  the  piston  pressed 
against  it  by  the  side  pressure  forces.  The  calculation  is  made  in  the 
following  order  for  the  specified  quantities:  is  the  number  of  cylinder 

waves  (1,  2,  3,  ...);  ra  io  the  number  of  axial  half-waves  (1,  2,  ...); 
a  is  the  mean  liner  radius;  1  is  the  liner  length;  h  is  the  liner  thickness 
cr  is  Poisson's  ratio;  jO  is  the  density  of  the  liner  material;  E  is  Young's 
modules;  and  g  is  the  acceleration  due  to  gravity. 

The  coefficient  7\  of  the  axial  wave  length  and  the  quantity  b  are 


determined: 


/. 


•  “  ana 
/ 


The  frequency  coefficients  K  ,  K,  and  K  are  found  from  the. 

O  l  £ 

calculated  valuer,  of  a  and  £  : 

•'0  "■  W  (1  o ;  -  -■  [\  —  a) 

y.  P  :  (a5  •  Iii)  '•  -  S>M  -  2nfi  f  ; 

K'  '  £  0  —  <T)  >•:)'  -r  -!;  (•>  —  a  —  2c f) 

•:-4*(!  “  °)>n  -r-i-  (■>  -  e)f,  (l:  ■- ujf; 

I  n  (3  —  o)  {>.2 

Then,  one  determines  .A 


1 


/v  . 


...A./AV, 

A'.  \  A.  / 


then  the  free-vibration  frequency  of  the  cylinder  liner  is 
calculated; 


ffr 


1  •  /~ 

L'.'.'J  r  !')ji  — G-J 


The  frequencies  of  free  vibrations  are  determined  for  the  following 


cases : 


«:  =  2;  n,  =  3;  //l  •=  2; 
ir,  l ;  m  —  ! ;  --  2. 


The  amplitude  of  the  liner  vibrations  is  determined  as  the  difference 
between  the  amplitude  Amax  for  dynamic  exposure  to  side  forces  Poax  and 
the  amplitude  of  the  static  deflection  of  the  cylinder  liner  A  t  in  the 
static  application  of  /.:’de  forces  P  of  maximum  value; 


Here  =co  +  0.067  K,  the  distance  from  the  upper  edge  of  the  cylinder 
liner  to  the  point  corresponding  to  the  position  of  the  piston  pin  for 
a  30°  crank  angle  (it  is  assigned  that  here  the  maximum  side  forces  will 
be  operative);  c  is  the  distance  between  the  upper  edge  of  the,  cylinder 
liner  and  the  piston  pin  axis  when  the  piston  is  in  the  TDC;  and  H  is 
the  p?.stcn  stroke, 

'i  ,ie  maximum  side  force  is  determined  with  the  expression: 

Pmax  "  2>  7  VPeFp  H  “  Pist0I3 

where  7\  ~  R/L  is  the  ratio  of 'the  crank  radius  to  the  connecting  rod 
length  of  the  diesel  ensine’» 

P£  is  the  mean  effective  pressure; 

Fp  is  the  piston  area. 

The  dynamic  displacement  of  the  liner  A  is  found  from  the 

max 

expression 

A  *«  A  !v  ? .  . 
max  8t  * 
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K'.ro,  k*  “  |;  i  is  the  period  of  liner  vibrations  determined 

from  the  calculated  vibration  frequency  f^;  T  is  the  rise  time  for  the 

load  of  the  ride  pressure  force,  from  r.ero  to  P  determined  from  the 

max 

plot  of  the  forces  or  taken  to  be  the  time  when  the  crankshaft  rotates  by 
the  angle  q’  ,  that  is,  T  -  Cp/  6n  sec. 

In  the  calculations  it  is  convenient  to  assume  =  15  -  30°  CA 

\C- A  =  crank  angle],  since  here  the  maximum  side  force  P  in  the  direction 
of  the  piston  against  the  liner  will  be  operative. 

Therefore,  the  amplitude  we  seek  will  be 

A  «  A  (k*  -  1). 

st  1 

Inserting  the  values  of  A  and  k'^,  1ft  us  write  the  final 
equation  for  the  vibration  amplitude  in  the  form: 


In  this  expression,  /\*  >  p  ,  F  ,  a,  1 ,  h , p,  and  m  are  specified  b/ 

1  e  p  / 

the  design  and  the  calculation,  while  the  values  of  'f*  T,  and  are 
calculated. 

<  / 

The  acceleration  of  the  vibrational  motion  W  ^  of  cylinder  liners 
is  calculated  based  on  calculations  of  the  vibration  frequency  and 
amplitude,  using  the  following  expression: 


Wcal  11  A&  \r  -  A  (  2,rrffr)2. 


For  further  calculations,  it  is  useful  to  convert  the  liner 
vibration  acceleration  thus  obtained  into  a  dimensionless  quantity. 


usin''  the  following  expression: 


Sc  ■  Wc.,l  /g' 


33:  determination  of  Absolute  Liner  Weight  Losses 

From  experience  we  know  that  v;hen  S  <'“20,  cavitation  damage  to 

c  x 

cylinder  liners  proceeds  slowly  and  is  commensurable  with  the  service 
life  of  a  liner  based  on  wear  of  the  cylinder  surface . 

When  Sc^>20j  cavitation  damage  proceeds  intensively,  and  the  higher 
S  ,  the  faster  the  damage  process. 

To  estimate  the  intensity  of  cavitation  damage  to  cylinder  liners 
in  diesel  engines,  let  us  use  an  empirical  function  characterizing  the 
intensity  of  damage  to  cylinder  liners  (  basdd  on  their  weight  loss)  as 
a  function  of  vibration  acceleration  and  service  time. 

._!£ _ 1 


AC==4-;i'-«r,.!0r7’-,3s,. 


O.Ci- 


(32) 


where 


Ac 


A Gv  =  1CT3  kg 


Ag„  = 


10"3  kg 


is  a  dimensionless  coefficient  characterizing 
the  weight  lose  of  the  cylinder  liner; 
are  the  weight  losses  of  the  cylinder  liner 
during  its  service; 

is  the  weight  loss  of  the  liner  taken  as  the 
zero  threshold; 

is  the  dimensionless  coefficient  characterizing 
the  service  period  of  the  cylinder  liner;  t  * 
tjj/  tQ  (here  t  is  the  service  period  of  the 
liner  in  hours;  t  is  the  service  period  of 
the  liner  taken  as  the  zero  threshold  in  which 
processes  of  r;a*it.vfcion  damage  begin). 

2.15 


Data  for  the  empirical  function  (32)  ware  obtained  froia  experiments 
on  diesel  engines  and  on  specimens  tested  on  mngnetostrictive  vibrators 
and  arc  plotted  in  Figure  81  <, 


Since  the  intensification  of  cavitation  damage  is  significantly 
affected  by  the  temperature  of  the  coolant  liquid,  one  must  take  its 
effect  into  account  in  the  calculation,  since  the  cooling  temperature 
can  differ  in  different  diesel  engines. 

Pat a  characterizing  damage  intensity,  represented  as  the  empirical 
formula  (2b)  were  obtained  for  a  65  -  75°G  diesel  engine  cooling 
temperature,  that  is,  for  some  moderate  effect  of  temperature  on 
cavitation  damage* 

In  general  form,  the  dependence  of  cavitation  damage  on  temperature 
is  shown  in  Figure  82. 

Figure  C2:  Damage  to  a  Surface  As  a  Function  of 
Cooling  Temperature 


Key:  1  -  Zone  A 

The  actual  cooling  temperature  of  diesel  engines  in  extended  tests 
in  operating  conditions  is  75  -  80°C  (  Zone  A  ,  Figure  82).  At  this 
temperature  cavitation  then  occurs  at  the  surfaces  of  liners  swept  by 
water.  Therefore,  it  is  useful  to  introduce  the  dimensionless 


217 


coefficient  I,  characterizing  the  true  damage  to  liners  .it  cooling 
temperature,  but  even  at  75  -  80°C,  into  the  derived  empirical  formula 
for  2\G.  .  Table  3.9  lists  the  values  of  the  coefficient  I. 

Damage  to  cylinder  liners  in  diesel  engines,  with  allowance  for* 
the  fact  of  temperature,  car.  be  determined  from 


AG  ~  5- 10  7 


o ,  r. 


(X  . 


m 


In  its  final  form,  the  absolute  damage  to  cylinder  liners  is 
found  as  follows: 


A  Gx 


/  »  *  1 

[or- 

•  sj 

(31) 


Table  19?  Values  of  the  Coefficients  I 


u  :C  j 

i 

CO 

>»  CO 

05 

* 

; 

"  i  * 

Z 

i  ,21  1  1,26 

1.29 

_ 

Ko5:!>vi'u;:e>iT  I 

0,97 

1,07 

1,12 

1,2 

1  OO 
• 

t  Te:.i::o^.’.ry;ia 
i  ax.-.a;.:,\v:t:.n  a  ’C 

1:0 

or. 

70 

75 

80 

85  j  W 

1 

Kou]«|>>nt;!^MT  / 

1,26 

1,14 

1,13 

1,0-1 

,, 

i 

0.S9  j  0,045 

Key:  l.  Cooling  temperature  in  °C. 

2.  Coefficient  I 

Considering  the  experimental  data,  the  surface  finish,  gaseous 
composition  of  the  coolant  liquid,  flow  rate  of  the  liquid  and  the  use 
of  additives  increasing  the  damping  properties  of  the  water  play  a 
definite  role  in  the  buildup  of  cavitation  dfimage,  by  attenuating  or 


intensifying  it.  However,  these  factors' are  not  taken  into  account  in 
the  calculation,  since  they  play  a  lesser  role  than  the  coolant  tempera¬ 
ture.  Their  effect  must  be  allowed  for,  additionally,  by  experimental 
means . 


34:  Determination  of  the  Maximum  Service  Tima  of  the  Cylinder  Liner 

Before  ?.c  Is  Replaced  Because  of  Cavitation  Damage 

Considering  that  the  tnaxir.ua  allowable  damage  to  e  cylinder  liner 

is  the  damage  for  which  the  liner  is  cavitatod  to  three-fourths  of  the 

wall  thickness  in  the  most  dangerous  location  and  has  to  be  replaced, 

a  function  (Figure  43)  Qf  the  dimensionless  coefficient  fc,  ,  characterizing 

the  maximum  permissible  damage  as  a  function  of  liner  wall  thickness  was 

\ 

calculated  based  on  operating  data 


L  2 

Here  =■  10"^  m  is  the  area  taker,  as  the  unit  area  for  the  maximum 
o  ..  >. 

allowable  damage.  ’  ' 

Considering  that  the  liner  surface  cavitates  at  specific  locations, 

the  extent  of  the  cavitation  area  of  a  liner  Sx  was  selected  as  a  function 

of  the  cylinder  liner  dimensions: 

.  ✓ 

S  -  0,025 ttD  ,1  tn2, 
x  cm 

where  D  is  the  external  diameter  of  the  cylinder  liner,  in  m; 

1  is  the  length  of  the  cylinder  liner,  in  m. 

Thus,  the  time  required  for  the  onset  of  the  maximum  allowable 
damage  is  determined  from  the  expression  (33)  withAG  »fjSF 
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The  main  factors  affecting  the  intensity  of  cavitation  damage  to 
cylinder  liners  -  vibration  intensity  and  coolant  temperature  -  are 
a  Hewed  for  in  the  proposed  method.  The  rate  of  damage  to  cylinder 
liners  is  also  affected  by  the  thickncGs  of  the  layer  of  water  in 
the  water  jacket,  the  pressure  in  the  cooling  system,  the  flow  rate  of 
the  water,  the  composition  of  the  water,  and  other  factors  whose  allovjance 
in  general  form  is  difficult  at  the  present  time.  Their  effect  must  be 
taken  into  account  by  experimental  means,  as  the  diesel  engine  undergoes 
final  adjustments. 

35:  Examples  of  Liner  Calculation  in  Which  tno  Maximum  Service 

Period  Was  Determined  x 

To  calculate  the  cavitation  damage  to  a  liner,  one  must  know  its 

linear  dimensions,  as  well  as  the  characteristics  of  its  material.  The 

calculation  is  carried  out  in  the  MKGSS  system.  As  an  example,  let  us 

calculate  a  liner  with  the  dimension',  given  below. 

-2 

a  *  7.8  •  10  m  is  the  mean  radius  of  the  cylinder  liner; 

1  =  0.277  m  is  the  liner  length; 

-3 

h.  =  6  *  10  m  is  the  thickness  of  the  cylinder  liner; 

•  ✓ 

O'  *  0.26 is  Poisson's  ratio  for  the  steel  38KhMYuA; 

P*=  8.67  *  10^  kg  °  sec^/m^  is  the  density  of  the  steel  38KhMYuA; 

10  2 

E  ■  2  10  kg/m  is  Young's  modulus  of  the  steel  38KhMYuA; 

2 

g  *  9.8  m/sec  is  the  acceleration  due  to  gravity; 

Doi^  *  0.162  m  is  the  external  diameter  of  the  liner 
(  *4 

6  »  3.3  *10  m  is  the  thermal  gap  between  the  piston  and  the  liner 
of  an  operating  diesel  engine  with  a  1007.  toad; 
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m  =  0.626  kg  ‘sec'Vrn  is  the  maos  of  bodies  in  translation; 
o  ° 

n  =  1500  rpm  is  the  diesel  engine  rpm  (rated); 

Tv*  -  0.28  is  the  ratio  of  the  crank  radius  to  the  connecting  rod 
length 

A  9 

=  7.85  *10  kg/ir/  is  the  mean  effective  pressure  of  the  diesel 
engine 

-2  2 

P  =  1.76  *10  m  is  the  piston  area 
P 

c  *  7,1  •  10  4  o  is  the  distance  between  the  piston  pin  axis  and 
the  upper  edge  of  the  liner  when  the  piston  is  in  the  TDC; 

H  ®  1.8  *  10' 1  tn  is  the  piston  stroke; 

ni  =  2;  3  is  the  number  of  cylindrical  waves; 

n  *  1;  2  is  the  number  of  axial  half-waves; 

[3  ■  h^/12a^  **  36/  12*6084  «=  0.000493  is  a  coefficient; 

Pmax  «  1050  kg  is  the  maximum  side  force. 

The  time  required  for  a  15°  crd'nk  angle  from  TDC  is 

T  *=<P/6n  -  0.0016  sec. 

The  distance  from  the  upper  edge  to  the'  piston  pin  axis  for  a 
30°  crank  angle  is  ci  °  c0  e  0.067  K  **  8.3  *  iO"^  m. 

•  4 

The  further  calculation  is  presented  in  Table  20, 

Thus,  according  to  the  calculation,  a  liner  can  function  in  diesel 
engines  for  3090  hours,  after  which  it  must  be  replaced.  In  practice, 
liners  function  for  2800  ~  3200  hours  in  diesel  engines. 

The  time  required  for  the  onset  of  the  maximum  allowable  damage 
can  even  be  somewhat  less  if  one  considers  that  the  temperature  regime 
of  cooling  is  somewhat  lower  than  the  regime  assumed  in  the  calculation. 
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A  cooling  regime  of  70°C  v?as  assumed  in  the  calculation,  ActuaLly, 
in  several  sectors  of  the  national  economy  diesel  engines  operate  with 
cooling  temperatures  55  -  70°C.  This  reduces  liner  surface  life. 

Table  20:  Calculation  of  Quantities 


I  ;»<--!  I  f't |  --  •{;  .*u  I  j  »ij  »  •;  in  2 

l  i  ! _ 


!  - 

«.,v\sr» 

0.885 

1.77 

|  A;, 

0.2877 

1 ,5 125 

3.758 

10,977 

39,756 

2-1. 359 

A'v 

t  ,OJ 

.10.775  J 

A  ,, 

0,0207 

0,')593 

0,  iG  »f> 

7 

"!,r  i: 

108  U 

2010  , 

•1100 

% 

X  i.  AW  3 

,  „  -4- 

tr  “ '  n”‘" 

G.otb  Hr  •' 

•1,07  •  10*< 

'2,44  •  10* 4 

!,07-l^ 

1,6-1 -10s 

0,62-10'' 

i  ^ 

0,0  TA 

0,654 

0,9  i 

( 

■\  r  ••  ^ 

',.6 

it  n  i»  .!'•  f  r/i’ 

4,44 -Hr* 

23.7 -10- 7 

3,97  -10- 7 

•175 

300 

263 

,  •  r  ,  -7 

^  *  c. 

•18,0 

•10 

20,8 

0,501 

0,504 

0,529 

.Sv 

9.0 

3,95 

( 

5.25 

!  -  *? 

1  -  * 

3090 

3510 

•790 

1  Mi  U  JM  *7 

< 

57,5-  !U‘n 

57.5- 10*  a 

57.5- !0-:'  j 

Key:  1,  Quantities 

2.  f f r  *n 

3.  T  in  sec 

4.  00^  in  sec’^ 

5.  A  in  m 

6.  Wca^  in  m/sec^ 

7.  Sc  in  g 

8.  t  in  hr 

max 

9.  /iC  in  ka 


Reproduced  from 
best  available  copy. 


222 


I 


L';t  uo  show  by  the  following  calculation  example  that  introducing 
additional  intermediate  supports  dividing  a  liner  into  several  parts* 

(  two-part  in  this  case)  makes  it  possible  to  lower  the  vibrations  and 
eliminate  the  cavitation  damage. 

The  initial  data  for  the  calculation  are  as  follows: 
n_  =  2;  3  is  the  number  of  cylindrical  waves; 
a  •-  1;  2  is  the  the  number  of  axial  half-waves; 
a  **  7.85  •  10  m  is  the  mean  radius  of  the  cylinder  liner; 

1  =  0.11m  is  the  distance  from  the  upper  edge  of  the  liner  to 
its  center  supporting  shoulder; 

D  «  0.164  m  is  the  external  diameter  of  the  cylinder  liner; 

-3 

h  =  7  •  10  n  is  the  thickness  of  the  cylinder  liner; 

c-  0.26  is  the  Poisson’s  ratio  for  the  steel  38  KKMYuA; 

P  “  8.68  •  10^  kg  *  sec^/m^  is  the  density  of  the  steel; 

E  =  2  •  1010  kg/m^  is  Young’s  ftodulus; 

2 

g  =  9.8tn/sec  is  the  acceleration  due  to  gravity; 

<5  =■  3.3  *  10~^  m  is  the  thermal  gap  between  the  piston  and  cylinder 

of  the  running  diesel  engine  with  a  1007.  load; 

2 

mQ  ®  0.626  kg  *sec  /m  is* the  mass  of  the  parts  in  translational 

motion; 

n  «  1500  rpm  is  the  diesel  engine  rpm; 

7\  *  R/L  =  0.28  is  the  ratio  of  the  crank  radius  to  the  connecting 
rod  length; 

Pe  *  5.2  *  10  kg/m  is  the  mean  effect  of  pressure; 

—2  7 

Fp  *  1.76  •  10  tar  is  the  piston  area; 

«  h^/12a^  ®  49/12  •  6160  =  0,000664  is  a  coefficient. 
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The  i  maximum  side  pressure  acting  at  a  cylinder  liner  is 

P  -  2.7^’P"  »  692  kg. 

.  max  c  P 

The  tisfte  required  for  a  crank  angle  of  15°G  from  the  TDC  is 
T  -  /6n  »  0.0016  sec. 

The  distance  fre^,  the  upper  edge  of  the  liner  to  the  axis  of 
the  piston  pin,  for  a  30°  crank,  angle  ia 

cL  «  c  +  0.067  H  **  S.3  *  10"2  m. 

The  further  calculation  is  presented  in  Table  21. 


Table  21:  Calculation  of  Quantities 


f'o 

K- 

Ks 

-\ 


(i  r  »'i  !  fcCK2 


sir.  -  - — — 


12,7*15  ! 

20,8  ; 

293 

■12,8837 '  j 

89, 1  433  | 

289,751 

14.15. 

21,0  ] 
j 

37,3 

0,3251  j 

I 

0,2-102  j 

1.1510 

5700 

7:Uv.‘J 

10  e0:> 

1.7-1- 10*  «  | 

1 

9,27-10- 

13,05- 10* 

9.85- 10*  i 

46-  !(’• 

0,*19 

!  0.49 

1 

9.05-10* 

i  i.-lCo-  KT  7 

I 

2,97-10- 

120 

t 

M-i 

136 

Key:  1.  Quantities 

2.  f^r  in  Kz 

3.  /T  in  sec 

4.  00^  in  sec"* 

5.  A  in'm 

O 

6.  WcaX  in  tn/sec* 
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The  calculation  shows  that  introducing  an  additional  support 
sharply  re  duccd  the  liner  vibration  and  shifted  it  into  the  pootcritical 
region. 

Here  chc  cavitation  damage  occurs  so  slowly  that  the  liner  roust^ 
be  replaced  not  because  of  cavitation  damage  but  because  of  cylinder 
surface  wear. 

36:  Parts  And  Assemblies  Whose  Service  Periods  Can  Be  Limited  by 

Cavitation  When  Uprating  and  Increasing  the  Service  Life  of 

Diesel  Engines 

In  spite  of  the  large  volume  of  research  on  capitation  and  cavitation 
erosion  conducted  in  various  fields  of  technology,  there  are  still  a 
good  many  questions  and.  directions  associated  with  the  physics  of  the 
ceviteticr  dntr.egc  process  that  rereir  unclear . 

These  problems,  directly  bearing  on  cAvitation  damage  in  diesel 

engines,  can  include  the  following.  .  . 

? .  The  mutual  role  of  mechanical  and  electrochemical  processes  in 
cavitation  erosion  caused  by  vibrations  of  various  intensities  has  not 
been  clarified.  Neither  have  the  physical  basis  for  the  inception  and 
nature  of  electrochemical  processes  accompanying  cavitation  been 
established  with  reference  to  the  possible  role  of  the  double  electrical 
layer  at  the  surface  of  the  metal  being  damaged,  formation  of  microcouple? 
with  small  internal  friction  when  microvolumes  undergo  deformation  at 
the  surfaces  of  the  metal  being  damaged,  and  the  effect  of  these  on  the 
pressure  peaks  observed  during  the  collapse  of  cavitation  bubbles,  as 
well  as  the  high  temperatures  that  Accompany  this  process.  Clarifying 
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the  mutual  role  and  conditions  for  mechanical  and  electrochemical 
processes  in  cavitation  erosion  caused  by  vibration  would  promote  a 
more  well-defined  development  of  the  effect  of  methods  of  protecting  the 
cylinder  liners  and  blocks  against  cavitation  damage, 

2.  According  to  the  major  difficulties  in  measuring  the  high  pressures 
in  micro volumes,  the  pressure  change  (with  determination  of  ito  final 
value),  in  cavitation  bubbles  obtained  for  different  vibration  conditions 
has  not  yet  been  adequately  studied.  The  entire  mechanism  of  the 

gradual  buildup  of  metal  damage  when  exposed  to  cavitation  erosion  in 

conditions  when  the  initial  damage  foci  are  present  or  when  they  are 

absent,  is  not  clear  enough.  No  adequate  explanation  has  been  given  ae 

to  why,  for  the  same  intensity  of  vibrationsxin  liners  installed  in 

experiments  with  the  same  clearances  at  the  very  came  place,  as  a  rule, 

sones  of  cavity  accumulation  arise,  and  sometimes  only  one  or  two  cavities 

in  this  site,  and  in  both  cases  the  deepening  of  cavities  proceeds  at 

•» 

virtually  the  same  rate,  •  • 

3.  Problems  associated  with  the  actual  basis  for  the  effect  of 
the  properties  of  a  liquid  on  cavitation  damage  for  vibrations  have  also 
not  been  adequately  studied,  including  the  effect  of  the  distance  between 
the  vibrating  and  fixed  walls.  Only  general  correlations  have  been 
studied  in  this  direction, 

4.  At  the  present  time,  a  quantitative  account  of  the  mutual  effect 
of  changes  in  flow  rate  and  vibration  on  the  buildup  of  cavitation 
erosion  is  difficult.  Clear  data  on  this  problem  would  promote  the 
designing  of  more  rational  diesel  engine  cooling  systems.  Cavitation 
erosion  is  a  complicated  process  that  depends  on  numerous  factors. 
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Therefore,  detailed  3tudies  of  the  quantitative  end  qualitative  effect 
of  those  factors  on  damage  will  aosict  in  operating  the  reliability 
and  service  life  of  diesel  engines. 


In  recent  years  there  has  been  a  trend  to  reducing  diesel  engine 

ft 

weights  by  operating  the  rpn  and  the  mean  effective  pressure.  This,  in 


turn,  leads  to  higher  vibro-activity  of  diesel  engines,  higher  liquid 
flow  rate,  and  an  overall  rise  in  the  dynanicity  of  loads  on  diesel 
engine  assemblies  and  parts.  The  potentials  for  cavitation  and  cavitation 
damage  are.  latent  in  the  slip  hearings  and  in  the,  fuel  equipment. 

Figure  83:  Damage  to  Fuel  Pump 


There  have  been  cases  of  premature  malfunctioning  of  bearings  in 
D100  diesel  engines  and  others  for  reasons  of  cavitation  in  the  oil 
wedge,  and  also  in  the  fuel  equipment.  Cavitation  in  these  diesel  engine 
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Assemblies  occurs  principally  ns  a  result  of  hydrodynamic  factors, 
which  1'ur.t  first  of  all  include  pressure  drops.  Vibrations  of  these 
ascer.l.'l ies  can  promote  a  buildup  of  cavitation,  but  are  not  the  primary 
factor.  The  relative  pattern  of  damage  in  material  tested  on  KSV  shows 
that  to  lessen  cavitation  damage  in  chese  assemblies,  in  all  cases 
efforts  must  be  made  to  reduce  the  pressure  drop. 

In  several  cases,  for  bearings,  it  is  expedient  to  somewhat  increase 
the  viscosity  of  the  oil  or  to  reduce  its  outflow  through  the  faces, 
since  when  this  in  done,  cavitation  damage  is  diminished.  In  the  event 
of  developed  cavitation,  this  proves  inadequate,  and  it  is  necessary  to 
use  a  more  cavitation-resistant  antifriction  alloy  for  the  bearings. 

It  must  be  noted  that  subsequent  studies  made  it  possible  to  associate 
the  initial  stages  of  cavitation  and  cavitation  damage  in  bearings  with 
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at  the  different  points  in  the  oil  wedge  arid  also  with  the  design 

*» 

dimensions  of  the  bearing  and  the  extent  of  its  vibration,  which  permitted 
devising  a  method  for  calculating  the  functioning  of  a  bearing  in  a  non¬ 
cavitation  regime. 

In  fuel  equipment,  especially  in  the  plunger  pairs,  cavitation 

•  ✓ 

leads  to  the  malfunctioning  of  the  plunger  and  liner  after  10  -  20  hours 
of  operation.  Figure  83  shows  damage  to  the  plunger  of  a  fuel  pump. 
Work-hardening  and  damage  cause  jamming  of  the  plunger  pairs  and  the 
diesel  engine  loses  its  serviceability  and  malfunctions.  Therefore 
cavitation  in  a  plunger  pair  is  an  altogether  undesirable  phenomenon. 

At  the  present  time  we  know  that  cavitation  in  fuel  equipment  can  be 
eliminated  only  by  increasing  the  duration  of  the  cyclic  feed  and  by 
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to  a  metal  occurs  under  the  effect  o£  high  pressures  concentrated 
over  micro-areas,  exceeding  the  strength  of  the  given  material,  one 
of  the  methods  of  surface  protection  can  be  to  increase  surface  hard¬ 
ness.  This  is  especially  valuable  for  diesel  engines  in  v?hich  the 

• 

predominate  liner  vibration  frequency  ic  in  the  range  800  -  2000Hz. 

In  this  frequency  range,  the  mechanical  factor  is  dominant  in  cavitation 
damage  to  surfaces.  An  increase  in  liner  surface  hardness  can  be 
achieved  by  work-hardening,  nitriding,  and  the  uoe  of  solid  coatit'gs. 

Chromium  has  proven  itself  ir.  solid  protective  coatings.  The  use 

of  coatings  of  porous  chromium  is  most  rational,  since  it  provides 

a  uniform  layer  without  micro- cracks  that  can  serve  as  corrosion  foci 

and  subsequent  cavitation  damage.  Micro-cracks  can  be  present  when 

the  surface  ic  coated  with  solid  gleaming  chromium.  However,  the 

intensity  of  liner  vibration  is  high  end  the  coating  with  porous 

chromium  docs  not  provide  protection  against  cavitation  damage,  then 

a  coating  with  hard  gleaming  chromium  must  be  used . 

Chrome -plated  liners  are  used  in  various  high-rpm  diesel  engines 

of  the  models  Ch  8.5/11,  Ch  10.5/13,  and  Ch  15/18,  Ch  18/20  and  so  on. 

The  use  of  chromium  coatings  either  completely  eliminates  cavitation 

•  < 

damage  if  individual  pressure  peaks  in  the  implosion  of  cavitation 
bubbles  do  not  exceed  the  stresses  exceeding  the  strength  of  the  coating, 
or  else  considerably  prolong  the  liner  surface  life.  Everything  depends 
on  the  intensity  of  the  cavitation  processes  in  the  specific  diesel  engine. 
Experience  shows  that  in  the  locations  where  clusters  of  cavitation 
cavities  form  on  uncoated  liners,  a  layer  of  porous  chromium  acquires  a 
gleam  due  to  work-hardening  during  cavitation. 

%2 9 
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When  coatings  of  porous  chromium  of  different;  fchickneoBea  were 
tested  on  cylinder  liners  subjected  to  various  vibration  intensities, 
and  also  in.  teste  of  chromium  costings  on  specimens  pLaced  on  J-f3V, 
curves  were  plotted  of  the  increase  of  the  liner  surface  life  (Figure  80). 
These  data  show  that;  the  surface  life  of  a  liner  increases  with  coating 
thickness  and  decreases  with  increase  in  vibration  accelerations.  A 
20  -  25  ;ti cron  thick  layer  is  the  most  suitable  (with  allowance  for  the 
time  required  for  chrome-plating) .  Increasing  the  thickness  of  the 
chromium  layer  to  50  microns  is  inadvisable,  since  cases  of  layer 
spalling  and  scaling  due  to  vibration  are  observed  for  thick  layers. 

When  liners  coated  with  a  chromium  layer  are  used,  one  must  consider 

'X 

that  the  energy  developing  in  the  implosion  of  a  cavitation  bubble  is 
not  expended  in  the  failure  of  the  liner  surface  and  i n  reflected  from 
it.  Accordingly,  the  damage  to  the  opposite  v’bIIb  of  a  block  can  increase. 

s 

Damage  to  opposite  surfaces  will  be  the  more  severe,  the  narrower  the 


passage  in  the  water  jacket.  Accordingly,  the  passages  in  a  water  jacket 
must  be  wide.  As  we  can  see  from  the  foregoing  and  from  inspecting 
Figure  80,  the  use  of  chromium  coatings  increases  the  surface  life  of 
cylinder  liners . 
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lowering  the  pressure  drop  at  the  point  of  fuel  cut-off.  Increasing 
the  hardners  of  plunger  and  liner  surfaces  promotes  a  reduction  in 
cavitation  damage.  There  io  no  doubt  that  cavitation  in  fuel  equipment 
merits  further  investigation  in  order  to  find  the  physical  causes  for 
its  inception  and  to  control  it. 
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